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This article reports on the development of a "harmonized” PBPK model for the toxicokinetics of
perchioroethylene (tetrachloroethylene or perc) in mice, rats, and humans that includes both oxidation
and glutathione (GSH) conjugation of perc, the internal kinetics of the oxidative metabolite trichloroacetic
acid (TCA), and the urinary excretion kinetics of the GSH conjugation metabolites N-Acetylated trichlorovinyl
cysteine and dichloroacetic acid. The model utilizes a wider range of in vitro and in vivo data than any previous
analysis alone, with in vitro data used for initial, or “baseline,” parameter estimates, and in vivo datasets
separated into those used for “calibration” and those used for “evaluation.” Parameter calibration utilizes a
limited Bayesian analysis involving flat priors and making inferences only using posterior modes obtained via
Markov chain Monte Carlo (MCMC). As expected, the major route of elimination of absorbed perc is predicted
to be exhalation as parent compound, with metabolism accounting for less than 20% of intake except in the
case of mice exposed orally, in which metabolism is predicted to be slightly over 50%at lower exposures. In all
three species, the concentration of perc in blood, the extent of perc oxidation, and the amount of TCA
production is well-estimated, with residual uncertainties of ~2-fold. However, the resulting range of
estimates for the amount of GSH conjugation is quite wide in humans (~3000-fold) and mice (~80-foid).
While even high-end estimates of GSH conjugation in mice are lower than estimates of oxidation, in humans
the estimated rates range from much lower to much higher than rates for perc oxidation. It is unclear to what
extent this range reflects uncertainty, variability, or a combination. Importantly, by separating total perc
metabolism into separate oxidative and conjugative pathways, an approach also recommended in a recent
National Research Council review, this analysis reconciles the disparity between those previously published
PBPK models that concluded low perc metabolism in humans and those that predicted high perc metabolism
in humans. In essence, both conclusions are consistent with the data if augmented with some additional
qualifications: in humans, oxidative metabolism is low, while GSH conjugation metabolism may be high or
low, with uncertainty and/or interindividual variability spanning three orders of magnitude. More direct data
on the internal kinetics of perc GSH conjugation, such as trichlorovinyl glutathione or tricholorvinyl cysteine
in blood and/or tissues, would be needed to better characterize the uncertainty and variability in GSH
conjugation in humans.

Published by Elsevier Inc.

Introduction

use, particularly for commercial dry cleaning, and to a lesser extent
in degreasing of metal parts and as a chemical intermediate. Perc is

Perchloroethylene (tetrachloroethylene or perc) is a volatile also a common environmental contaminant at hazardous waste
organic solvent that has had widespread commercial and industrial sites, in groundwater, and in ambient and indoor air. Like the related

solvent trichloroethylene (TCE), perc is a dense nonaqueous-phase
liquid and is particularly difficult to remediate once it has entered
groundwater.
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Understanding perc toxicokinetics is critical to both the qualitative
and quantitative assessment of human health risks from environ-
mental exposures and continues to be the subject of active research
(Chiu et al, 2007, Sweeney et al,, 2009; Boyes et al., 2008). A number
of the neurotoxic effects of perc appear well correlated with parent
compound concentrations at the target site (Bushnell et al., 2005), so
characterizing perc blood or tissue concentrations can aid in
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performing risk assessment-related extrapolations, such as between
rodents and humans or between exposure routes. In addition,
understanding perc metabolism is especially important toxicological-
ly because specific metabolites or metabolic pathways are associated
with a number of observed toxic endpoints.

Perc and its metabolites trichloroacetic acid (TCA) and dichlor-
oacetic acid (DCA) cause a number of similar effects in the liver of
laboratory animals, including hepatomegaly in rats and mice and
hepatocarcinogenicity in muitiple strains and both sexes of mice but
not in rats (NCI, 1977; NTP, 1986; JSA, 1993; DeAngelo et al, 1999,
2008; Pereira, 1896). As with TCE (Evans et al, 2009; Buben and
OFlaherty, 1985), it has been noted that perc-induced hepatomegaly
in mice is better correlated with oxidative metabolism than with the
parent compound (Buben and OFlaherty, 1985). Thus, it has been
hypothesized that hepatotoxicity from perc exposure is a resuit of
oxidative metabolism. Under this hypothesis, the lack of apparent
hepatocarcinogenicity in rats as compared to the clear hepatocarci-
nogenicity in mice may partially be explained by differences in perc
oxidative metabolism and/or internal doses of TCA, which seem to
correlate with sensitivity. However, TCA itself appears to be a more
potent hepatocarcinogen in mice than rats, a difference which isas yet
not fully explained.

In the kidney, perc causes tubular toxicity in both mice and rats,
and is associated in one study with small increases in the incidences of
kidney tumors rats (NTP, 1986; JISA, 1993). These effects are thought
to be associated with the perc metabolism by glutathione (GSH)
conjugation, based on the production in the kidney of nephrotoxic and
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genotoxic metabolites from this pathway (Lash and Parker, 2001). It
has been hypothesized that quantifying differences in the extent of
GSH conjugation across species can help to explain the observed
species differences in carcinogenicity. However, attempts to make
stich inferences based on in vitro data have been inconsistent (e.g,,
Green et al,, 1990; Dekant et al, 1998; Lash et al., 1998), and no
attempt as yet has been made to incorporate GSH conjugation in a
PBPK model.

It is less clear to what extent other effects of perc in rodents, such
as brain gliomas (NTP, 1986) or mononuclear cell leukemias (JiSA,
1993) in rats, are aresult of percitselfand/or one or more metabolites.
In terms of epidemiologic data, some studies suggest that the kidney
and liver may be targets of perc toxicity in humans (Gennari et al.,
1992; Mutti et al,, 1992; Brodkin et al,, 1995), but the available data
are too limited to make any definitive conclusions. A recently updated
occupational cohort study reported a new finding of increased
incidence of end-stage renal disease among dry cleaning workers,
further supporting a role for perc in kidney toxicity (Calvert et al,
2010). However, the strongest and most consistent epidemiologic
evidence remains that for neurotoxic effects (Altmann et al, 1995;
Echeverria et al., 1995; Ferroni et al., 1992; Schreiber et al,, 2002;
Seeber, 1989).

Asimplified metabolism scheme for percisshown in Fig. 1. Briefly,
as reviewed by Lash and Parker (2001), metabolism of perc occurs
through two main irreversible pathways: oxidation via the micro-
somal mixed-function oxidase system (i.e., cytochrome P450s) and
conjugation with GSH by glutathione S-transferases. The primary
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Fig. 1. Simplified perchioroethylene (perc) metabolism scheme. 1, tetrachioroethylene; 2, tetrachioroethylene-Fe—O intermediate; 3, trichioroacetyl chloride; 4, trichloroacetic acid;
5, tetrachloroethylene oxide; 6, ethandioyl dichloride; 7, oxalic acid; 8, S-(1,2,2-trichiorovinyl) glutathione (TCVG); 9 S-(1,2,2-trichlorovinyl)--cysteine (TCVC); 10, N-acetyl
trichlorovinyl cysteine (NACTCVC); 11, dichloroacetic acid. Enzymes: cytochrome P450 (P450), glutathione-S transferase (GST), gamma-glutamyltransferase (GGT), dipeptidase
(DP), beta-tyase (3-lyase), flavin mono-oxygenase-3 (FMO3), N-Acetyl transferase (NAT). Metabolites marked with asterisk (*) are known urinary metabolites. Dotted lines indicate
hypothesized or quantitatively minor pathways. Boxes indicate chemicals/metabolites included explicitly in the PBPK model (see Fig. 3).
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stable metabolite is TCA, a product of perc oxidation, with the
remaining hypothesized intermediates from either pathway being
short-lived. The P450 isoform CYP2E1 is thought to be most important
for perc oxidation based on analogy to other volatile organic
compounds, but based on in vitro data using different inducers and
inhibitors, other P450 isoforms likely play a role (Lash and Parker,
2001; Doherty et al,, 1996; Costa and Ivanetich, 1980). Perc is first
oxidized to a Fe-O intermediate, the primary fate of which is thought
to be trichloroacetyl chloride (metabolite 2), which then hydrolyses
to yield TCA (metabolite 4). It was initially hypothesized that the
epoxide (perc oxide [metabolite 5]) rearranged to form trichloroace-
tyl chloride. However, subsequent experiments (Yoshiokaetal,, 2002)
suggest that this does not occur, and the epoxide decomposes to
ethandioyl dichloride (metabolite 6) and then to CO and CO,.
Moreover, given the pattern of in vivo and in vitro metabolites, the
epoxide pathway is likely to be small. It had also been hypothesized
that the epoxide can rearrange to form chloral (metabolite 5), but
Lash and Parker (2001) suggest that this pathway is either absent or
minor. Finally, oxalic acid has been reported as both an in vivo and in
vitro product of perc oxidation (Pegg et al,, 1979; Yoshiocka et al,
2002), and may either be derived from the epoxide or directly from
the Fe—O intermediate.

With respect to the conjugative pathway, trichlorovinylglutathione
(TCVG) (metabolite 8) is further processed to form the cysteine
conjugate S-trichlorovinyli-cysteine (TCVC) (metabolite 9), which
can undergo bioactivation by beta-lyase or flavin-containing mono-
oxygenases (FMO) to reactivespecies (Anderset al., 1988; Krauseetal,,
2003) or (reversible) N-acetylation to the mercapturate N-acetyl
trichlorovinyl cysteine (NACTCVC) (metabolite 10). NACTCVC, in turn,
can be excreted in urine or sulfoxidated by CYP3A to reactive species
(Werner et al,, 1996). Dichloroaceticacid (DCA), excreted in urine, is
thought to be an end product of beta-lyase-mediated bioactivation
(Lash and Parker,2001). It hasalso beensuggestedthat DCAisaresultof
dechlorination of TCA, derived from the oxidative pathway. Data from
the related compound TCE suggest that in that case, DCA formation is
likely dominated by hydrolysis of dichloroacetylchloride, rather than
dechlorinationof TCA. Ascompared to perc exposure,trichloroethylene
exposureleadsto higheramountsof TCA, in conjunction with the lower
amounts of DCA detectable in blood or urine. This is inconsistent with
the DCA detected in urine after perc exposure being produced via
dechiorination of TCA, and supports the hypothesisthat DCA is derived
predominantly from GSH conjugation of perc.

A number of PBPK models have been developed for perc
toxicokinetics in both rodents and humans, though there are
markedly fewer in vivo pharmacokinetic data, particularly for mice
and humans, than is the case for TCE. Among the multi-species PBPK
models, those developed by Chen and Blancato (1887) and Rao and
Brown (1993) were fit to previously published total metabolism data
in mice and rats and perc and TCA data in humans. Gearhart et al.
(1993) performed in vivo experiments in mice to support their PBPK
model for perc and TCA, and fit their model to previously published
human data to support the human version of their model. Reitz et al.
(1996) performed in vitro and in vivo experiments to support their
PBPK model in mice and rats, and used a “parallelogram approach” to
estimate metabolic parameters in humans. Clewell et al. (2005)
updated the Gearhart et al. (1993) model, including consideration of
human toxicokinetic data published by Volkel et al. (1898). In
addition, a number of PBPK models were developed only in humans,
primarily to characterize uncertainty and/or human variability. Bois
et al. (1996), which was updated by Chiu and Bois (2006), used a
Bayesian analysis in conjunction with a PBPK model that was
structurally similar to that used by Reitz et al. {19986}, and was only
calibrated to the parent compound data. Covington et al. (2007)
applied the same methodology to the Clewell et al. (2005) human
PBPK model, using additional data on the parent compound perc and
its metabolite TCA. Finally, Qiu et al. (2010) performed an update to

the Covington et al. (2007) analysis, adding additional human data
from Chiu et al. (2007) and Chien (1997). A key controversy
surrounding the application of PBPK models to perc toxicokinetics is
the question of how much perc is metabolized in humans at low
doses, with estimates across the various models spanning a range of
an order of magnitude or more, as shown in Fig. 2 (Chiu, 2007).
These analyses have a number of key limitations. First, in no case
has all the available data in mice, rats, and humans, been considered
together in a single analysis. Thus, the extent to which different
results reflect use of different datasets and model structures is
unclear. Moreover, while all the models estimate total metabolism,
those estimates are based on different types of data. In particular, one
set of available models generally calibrate metabolism to disappear-
ance of the parent compound, while another (overlapping) set
assume that total metabolism is proportional to production of TCA.
However, none of the models address GSH conjugation, which may be
an important contributor to total metabolism, especially since perc is
known to be a poorer substrate for oxidation than many other related
volatile organic compounds. These limitations were also noted in the
National Research Council (NRC) report Review of the Environmental
Protection Agency's Draft IRIS Assessment of Tetrachloroethylene (NRC,
2010). In particular, they concluded that, while a number of PBPK
models have been developed for perc, they all have some key
limitations that limit the confidence with which they can be used for
risk assessment. NRC (2010) recommended the development of a
“harmonized” PBPK model integrating previous models and data.
They pointed to the availability of in vitro and in vivo data relevant to
the GSH conjugation pathway, and recommended exploring the
possibility of adding the GSH pathway to a harmonized PBPK model.
In order to inform the dose metric options available for use in risk
assessment, the present analysis addresses these limitations in
existing PBPK models by better characterizing the metabolism of
perc, the relative contributions of oxidation and conjugation to perc
metabolism, and their uncertainties given the available data. In
particular, first, a comprehensive literature search was made of
relevant toxicokinetic studies and the available toxicokinetic data
digitized. These data were further separated into “calibration” and
“evaluation” datasets. Sorting of data into calibration and evaluation

Chen and Blancato (1987)| |
Ward et al. (1988)
Bois et al. (1990) {1}
Bois et al. (1990) {2]
Rao and Brown (1993)
Reitz et al. (1996)

Bois et al. (1996)
Loizou (2001)

Clewell et al. (2005) [1]
Clewell et al. (2005) [2]
Chiu and Bois (2006)
Covington et al. (2007)
Qiu etal. (2010)

T
60.0%

40.0%
Percent Metabolized at 1 ppb Inhalation Exposure

L) T
0.0% 20.0% 80.0%

Fig. 2. Previously published estimates for the total amount of perc metabolized at
0.001 ppm (1 ppb) continuous inhalation exposure. All estimates are point estimates
except for Bois et al. (1996) and Chiu and Bois (2006), which are estimates of combined
uncertainty and poputation variability (95% confidence intervals), and Covington et al.
(2007 )and Qiuetal. (2010), which are estimates of uncertainty in the population mean
(90%confidence intervais).
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subsets, as described in Materials and methods, aimed to ensure
ample independent data were available for both phases of model
development. Second, a harmonized PBPK model structure was
developed that separately tracked perc oxidation and GSH conjuga-
tion. Because the related chlorinated solvent TCE both shares a
metabolite (TCA) and has many qualitative toxicokinetic similarities
(e.g., metabolism through both oxidation by P450 and conjugation
with GSH), the basic structure of the *harmonized” perc PBPK model is
based on the previously published “harmonized” TCE model (Hack
et al., 2006; Chiu et al., 2009), with modifications motivated by the
extant perc PBPK models. Part of the motivation for using the TCE
model as a starting point is the fact that a comprehensive analysis of
TCA dosimetry was performed as part of the TCE analysis, and those
results can be directly carried over to the present analysis for perc.
Therefore, this paper (1) describes the updated model structure,
(2) documents the development of baseline parameter estimates
from the scientific literature, (3) obtains optimized estimates for key
model parameters fit to in vivo calibration data, (4) compares model
predictions with evaluation data, (5) calculates predictions for key
internal dose metrics of relevance to risk assessment, (6) performs a
local sensitivity analysis, and (7) characterizes the overall confidence
in the PBPK model predictions. Finally, the discussion provides a
number of insights from this harmonization, including reconciling the
different resuits on perc metabolism at low doses in humans,
comments on the use of MCMC-based methods in a limited Bayesian

Exhaled air

> Respiratory
Tract Lumen
(Exhalation)

Tract Lumen
(Inhalation)

analysis, and potential next steps to improve the quantitative
characterization of perc toxicokinetics.

Materials and methods
Updated PBPK model structure

Perc-specific modifications of Chiu et al. (2008) TCE model

The updated perc PBPK model is illustrated in Fig. 3, and is based
on the TCE PBPK model reported by Chiu et al. (2009) with changes
based solely on differences in metabolites or metabolism pathways
(model equations contained in Appendix A). Because only TCA has
been consistently detected as an oxidative metabolite of perc, the sub-
models involving trichloroethanol (TCOH) and its glucuronide are
removed. Some changes from the TCE model are made in the
treatment of extrahepatic oxidation to reflect the fact that the
formation of TCA (the only tracked oxidative metabolite) occurs
spontaneously from decomposition of trichloroacetyl chloride. In the
liver, asecond saturable pathway was added, given available evidence
that P450s in addition to CYP2E1 are involved in perc metabolism
(Lash and Parker, 2001). In addition, perc oxidation in the kidney is
added, with a fraction of the TCA produced assumed to be directly
excreted in urine, as was hypothesized by Clewell et al. (2005) and
Covington et al. (2007} in their human perc PBPK model. TCA formed

Input (exposure/dose)
“Dynamic” Compartment (solved by ODEs)
“Static” Compartment (at local steady - state)

Transformation or Excretion

DCA Urine

Fig. 3. Overall structure of updated PBPK model for TCE and metabolites. Boxes with underlined labels are additions or modifications of the Chiu et al. (2009) model, discussed in text.
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from this pathway that is not immediately excreted is placed in the
TCA body compartment.

Conjugative metabolism in the kidney is retained, motivated by
the in vitro data (discussed below) showing perc conjugation in
freshly isolated cells and subceliular fractions of the kidney. Because
of the availability of urinary data on DCA (Volkel et al, 1998) —an end
product of beta-lyase-mediated bioactivation of TCVC - the TCVC
bioactivation pathway is separated into beta-lyase-dependent and
beta-lyase-independent pathways. Unlike with TCE, no in vivo dataon
the glutathione conjugate (TCVG in the case of perc) are available, so
processing of perc GSH conjugates is simplified. In particular, the
fractional yield of urinary DCA and urinary NACTCVC are estimated,
with the residual fraction consisting of a lumping of all other possible
fates of GSH conjugates, including non-beta-lyase-dependent bioacti-
vation pathways and end-products of beta-lyase metabolism other
than urinary DCA. In order to better fit the time-course of urinary
excretion, an empirical “delay” parameter (a “fitted” value) is added
for urinary excretion of DCA and NACTCVC, and constitutesa lumping
the processes of formation, urinary excretion, and other clearance
pathways.

PBPK model parameters and baseline values

Baseline (i.e., point estimate) values for PBPK model parameters
(Table A1) are developed using standard methodologies to ensure
biological plausibility, using an approach similar to that reported by
Chiu et al. (2009). In keeping with standard practice, many of the
PBPK model parameters are “scaled” by body weight, cardiac output,
etc. In addition, because of the expected correlation between VMax
and KM during optimization, one of these is always reparameterized
to a clearance (VMax/KM) term. So as to ensure a consistent model
structure across species, as well as to improve the performance of the
Markov chain Monte Carlo (MCMC) algorithm, parametersare further
scaled to the baseline point-estimates where available, as was done by
Chiu et al. (2009). For example, to obtain the actual liver volume in
liters, a point estimate is first obtained by mulitiplying the fixed,
species-specific baseline point estimate for the fractional liver volume
by a fixed body weight (measured or species-specific default), with
density of 1 kg/L assumed to convert from kg to liters. Any deviation
from this point estimate is represented by multiplying by a separate
“scaling” parameter VLivC that has a value of 1 if there is no deviation
from the point estimate.

As was emphasized by Chiu et al. (2009), it is important that
baseline parameter estimates be independent of the in vivo toxico-
kinetic data that is to be used later for formal calibration, lest the same
data be used twice. Therefore, the data considered in developing
baseline parameters are restricted to physiological measurements
(e.g., volumes and flows) and measurements from in vitro studies
(e.g., partition coefficients, binding coefficients, and metabolism and
clearance rates).

Baseline values for physiological parameters

Baselinephysiologicalparametersare thesameas thoseinChiu et al.
(2009)and are largely estimated based on the standard referencesiCRP
(2002)and Brown et al. (1997 ). For a few of these parameters,such as
hematocrit and respiratory tract volumes in rodents, additional
published sources are used as available (Hejtmancik et al, 2002;
Sarangapani et al. 2003), but no attempt is made to compile a
comprehensive review of available measurements. In addition, a few
parameters, such as the slowly perfused volume, are calculated by
imposing total mass or flow balances.

Baseline values for chemical-specific absorption parameters

No in vitro data are available to estimate perc oral (gavage)
absorption parameters. Absorption rates were determined separately
(by optimization) for aqueous gavage and oil gavage since the

lipophilicity of perc would be expected to result in different
absorption rates depending on the vehicle.

Baseline values for chemical-specific distribution parameters

For chemical-specific distribution parameters, primarily in vitro
data from available sources are used. Six studies are identified with in
vitro partition coefficient data for perc (Gargas et al,, 1989, Gearhart
et al., 1993; Koizumi, 1989; Mahle et al., 2007; Mattie et al., 1994,
Reitz et al., 1996). For parameters for which more than one reported
value is available, the data are pooled to obtain baseline partition
coefficient estimates. Pooling is considered reasonable because the
variability among estimates is relatively low, with coefficients of
variation of less than 30%. For TCA partitioning and protein binding,
the posterior means from Chiu et al. (2009) for the population mean
parameters are used.

Conversions of in vitro data to inform baseline metabolism parameters

In vitro metabolism data are typically reported in terms of activity
(nmol/min) per mg protein (for data from microsomes or cytosol) or
per million cells (for data from celi preparations). A two-step process
is employed for conversion of in vitro measures to PBPK model
parameters. First, in order to have acommon basis for comparison, the
reported data are converted to an activity per g tissue (see Table 1,
discussed below). Second, activities and concentrations are converted
to VMax, Km, and/or VMax/Km values in units typically used in PBPK
models (see Supplementary Materials, Table S2).

For the first step, conversion from reported activity to activity perg
tissue, the published data are fairly limited. Asummary of data from a
literature search is provided in Supplementary Materials (Table S1),
with the selected values summarized in Table 1. For the liver, rat and
human data are the most numerous. For rats, the geometric means of
the results from Table S1 are used. For human liver, the central
estimates reported in the review by Barter et al. (2007) are used for
microsomal protein content and hepatoceliularity. For hepatic
cytosolic protein content, it is assumed that the cytosolic protein
per cell is the same in rats and humans, based on the observation that
the microsomal protein per cell is similar in rats and humans. For
mouse liver, both the cytosolic protein per cell and microsomal
protein per cell is assumed to be the same as for rats, using the mouse
hepatocellularity reported in Sohlenius-Sternbeck (2008). For the
kidney, significantly less data are available, with only the single study
in rats by Bong et al. (1985) reporting total and microsomal protein
content. Thus, the microsomal protein content in rats is based on Bong
et al. (1985). As an approximation, the difference between total and
microsomal protein content is used for cytosolic protein contentin the
rat. For nephrocellularity, the value reported by Nyengaard et al

Table 1
Conversion factors used for in vitro metabolism data.
Tissue Liver Kidney
Species Mouse Rat Human Mouse Rat Human
Fraction
Microsomatl 43¢ 38> 32° 16 16" 16
(mg protein/g tissue)
Cytosolic 99° §7° 72° 86" 86" 86’

(mg protein/g tissue)
Cellularity (10° cells/g tissue) 135° 119° 9o° 1269 1269 1267

Cellularity muitiplied by rat values for microsomat or cytosolic protein per cell.
Geometric mean of available values (see Supplementary Materials, Table S1).
Central estimate from Barter et al. (2007).
Cellularity mutitiplied by rat value for cytosolic protein per cell.
Value reported by Sohlenius-Sternbeck (2006).
Value reported by Bong et al. {1985) for rats, with cytosolic protein assumed to be
the difference between total and microsomal protein.

9 Value reported by Nyengaard et al. (1993) for rats.

- o o o U
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(1993) for total tubular cells per g of kidney in rats is used for all
species. Note that these conversions are only used to scale the in vitro
metabolism data to a common basis in g of tissue within the same
species. Differences in the complement of metabolizing enzymes
between species would presumably be accounted for in the in vitro
metabolism data themselves.

For the second conversion (see Supplementary Materials, Table
S2), in addition to standard unit conversions (e.g., nmol to mg and
min to h), it is assumed that the measured concentrations in vitro are
equivalent to tissue concentrations in vivo. Therefore, because Km
values in the PBPK model are given in terms of venous blood
concentrations, a conversion is performed using the tissue:blood
partition coefficient. Clearance (VMax/Km) values are converted
similarly.

Baseline values for rates of perc oxidation

For perc oxidation,four in vitrostudies were identified, consisting of
data from microsomesor celis from the liver and microsomesfrom the
kidney (Costa and lvanetich, 1980, 1984; Lash et al,, 2007; Reitz et al,
1996). For clearance (VMax/Km), the baseline estimate is derived from
the geometric mean of Costa and lvanstich (1980, 1984) (1.42£1.04
and 1.77 £ 1.02, respectively)and poolingof Reitzet al. (1996 )and Lash
et al. (2007) (2.20), giving VMax/Km = 1.8 nmol/min/g liver/mM.
Uncertainty is dominated by uncertainty in Km for Costa and lvanetich
(1980,1984), withCV =0.73 and 0.56 for thetwo estimates (1.1 £ 0.80
and 0.64 +0.37, respectively), with a third, higher, estimate (3.92)
based on pooling of Reitzet al. (1996)and Lash etal. (2007).ForKmin
the rat, the geometric mean of the three Km values is used, weighted
equally under the assumption that between-study systematic errors
dominate over within-study experimentalerrors, and giving a result of
1.4 mM.

Formouseand humanliveroxidationestimates,the VMax/Kmratios
from Reitzet al. (1996)are used to scale the rat central estimate to the
other species, leading for the mouse to VMax/Km =10 nmol/min/g
liver/mM (5.6-fold greater than rat) and for the human to VMax/Km =
0.81 nmol/min/gliver/mM (2.22-foldlessthanrat).For Km, the baseline
estimateis the samecentralestimateas the rat, Km = 1.4 mM, based on
expectation of similar Km values across species.

For extra-hepatic metabolism, in vitro ratios to the liver are used to
derive metabolism estimates. The only perc-specific data for kidney
oxidation are in the ratat 2 mM (Lash et al., 2007), with the clearance
ratio between kidney and liver (on a per g tissue basis) of 0.013. This
ratio for clearance is used for all species. The ratio of the renal to
hepatic Km in tissue concentration units isassumed to be 1 (converted
to Km in venous blood by using the liver-blood and kidney-blood
partition coefficients). There are no available data on lung oxidation of
perc, so the ratio of lung to liver oxidation for TCE from Green et al.
(1997) is used. The ratio of the lung to hepatic Km in tissue
concentration units (i.e., adjusted using liver-blood and lung-blood
partition coefficients) is assumed to be 1, which is then converted to
Km in air (in the lumen) by using the blood-air partition coefficients.
These conversions are all documented in Supplementary Materials
(Table S2).

Baseline values for the yield of TCA, and for TCA distribution, metabolism,
and excretion

A minor fraction of perc oxidation is assumed to form compounds
other than TCA. Biochemical and in vitro data all suggest that TCA,
derived from trichloracetylchloride, is the predominant metabolite of
perc oxidation. Based on the metabolism scheme shown in Fig. 1, the
three possible fates of the perc-Fe-O intermediate are trichloroacetyl
chloride, theepoxide,and oxalicacid. Trichloroacetylchloridecaneither
bind covalently to celiular constituents or undergo hydrolysis to form
TCA. In vitro, Costa and lvanetich (1980, 1984) reported that in
microsomal and isolated hepatocyte preparations of rat liver, TCA was
the only chlorinated metabolite found. In addition, the implied low-

concentration clearance rate of TCA production from rat liver micro-
somes reported by Costa and lvanetich (1980) [VMax/KM = 0.04 (Cl:
0.02-0.13) nmol/min/mg protein/mM] is consistent with the produc-
tion of all water-solublemetabolitesfrom rat liver microsomesat a low
concentration (0.068 mM) reported by Reitz et al. (1896) (clearance
rate of 0.06 nmol/min/mg protein/mM). More recently, Yoshiokaet al.
(2002)reportedonly TCAand oxalicacid produced from phenobarbitol-
induced rat liver microsomes preparations, with TCA accounting for
81%of the total. In addition, they reported that the pattern of products
ofepoxidehydrolysis— which results almost exclusively in COand CO, —
differs markedly from the products of perc oxidation in vivo or in vitro.
Therefore, theyconcluded that the dataare inconsistentwith significant
formation of the epoxide following perc oxidation, and therefore
support the conclusion that the trichloroacetyl chloride pathway
being predominant.

Overall, given the available data, it appears unlikely that the
fraction of oxidation producing products other than TCA is greater
than 50%, and the fraction is likely to be much less. In preliminary
analyses, including this parameter in the optimization runs leads to
estimates ranging 0.1%-1.4%in mice and 0.11%-6.3%in rats, indicating
that mass balance substantially constrains the amount of oxidation to
compounds other than TCA. In humans, the parameter was not
separately identifiable from estimates of GSH conjugation flux, with
estimates ranging 0.2%-92% Therefore, by analogy to available rodent
data, which indicates that between 80% and 100% of oxidation forms
TCA, leaving only 0-20% forming other compounds, the human
baseline value of the fraction of oxidation assumed to form
compounds other than TCA is set to 10%. Unless the actual fraction
forming other compounds is greater than 50% (e.g., a much larger
amount of trichloroacetyl chloride is covalently bound in humans
than in rodents), the uncertainty in the total flux of perc oxidation due
to this assumption is not more than 2-fold.

TCA absorption, distribution, protein binding, and metabolism
parametersare derived from the posterior population means from the
Chiu et al. (2009) TCE model analysis, which included a number of
TCA dosing studies.

Table 2
Comparisons of activities in liver subcellular fractions across species and studies®.

Activity (pmol/min/mg protein)

Study Lashetal (1998) Dekantetal (1998) Greenetal (1890)
Substrateconcentration 2 mM 3ImM 10 mM
Rat liver
Males
Cytosol 177 845 182
Microsomes 140 =1 64
Females
Cytosol 104 195 n.m.
Microsomes 62 =1 n.m.
Mouse liver
Males
Cytosol 345 279 34
Microsomes 272 =1 =1
Females
Cytosol 408 26 n.m.
Microsomes 260 =1 n.m.
Human liver
Males
Cytosol n.m. 1 =1
Microsomes n.m. =1 =1
Females
Cytosol n.m. 1 n.m.
Microsomes n.m. =1 n.m.

n.m.=not measured.
@ {ash et al. (1998) and Green et al. (1990) used B6C3F1 mice and F44 rats. Dekant
et al. (1998) did not specify the strain of mice or rats used.
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Table 3
Comparisons of activities in kidney subceliular fractions across species and studies®.

Activity (pmol/min/mg protein)

Study Lash et al. (1998) Dekant et al. (1898)
Substrate concentration 2mM 3ImM
Rat kidney
Males
Cytosol 108 =1
Microsomes 17.8 =1
Females
Cytosol 37 =1
Microsomes 82 =1
Mouse kidney
Males
Cytosol 725 116
Microsomes 1213 =1
Females
Cytosol 498 122
Microsomes 57.7 =1

& Lash et al. (1998) used B6C3F1 mice and F44 rats. Dekant et al. (1998) did not
specify the strain of mice or rats used.

Baseline values for rates of GSH conjugation

Four studies were located that measured perc GSH conjugation in
vitro (Green et al,, 1990; Dekant et al,, 1998; Lash et al., 1998, 2007).
Green et al. (1990) and Dekant et al. (1998) measured GSH
conjugation in cytosol and microsomes of mice, rats, and humans,
and could only detect activity at the highest substrate concentration
used (10 mM and 3 mM, respectively). Lash &t al. (1998) measured
GSH conjugation in cytosol and microsomes in mice and rats at 1 and
2mM. Lash et al. (1998, 2007) both measured GSH conjugation in
freshly isolated rat liver or kidney cells, with Lash et al. (1998)
reporting measurements at 0.5, 1, and 2 mM and Lash et al. (2007)
only reporting measurements at 2 mM. Whereas for oxidation,
metabolism estimates from different studies and preparations
(subceliular fractions versus whole cells) appear to be relatively
consistent, for GSH conjugation, the results appear far less consistent.
As shown in Tables 2 and 3, the differences among data at single
concentrations of 210 mM (presumed to be near-maximal rates) from
Greenet al. (1990), Dekantetal. (1998), and Lash et al. (1998) spread
overabout a 100-fold or more range even within the same speciesand
type of experimental preparation (e.g., male rat cytosol). The fact that
the ordering is generally (though not exclusively) GreenbDekantb
Lash suggests contribution from a systematic difference, possibly due
to the different analytical methods employed. In addition, after
accounting for protein content, estimates based on whole cells
differed from those based on subcellular fractions, sometimes by an
order of magnitude.

Only rat data from Lash et al. {1998)are at multiple concentrations
so that both VMax and KM can be estimated. Therefore, initially, VMax
and Km are fitted to GSH conjugation data from rat hepatocytes from
Lash et al. (1998). Thereafter, the in vitro Km is fixed —i.e,, for each
species, the same in vitro Km is used for both the liver and the kidney.
Alternative rat VMax values are obtained by refitting to either Dekant
et al. (1998) or Green et al. (1990). Because the fit to Dekant et al.
(1998) is intermediate between the fit t olash et al. (1998) and the fit
to Green et al. (1990) (see Fig. 4, panel A for a summary), it was
selected as a baseline value, though a high degree of uncertainty is
acknowledged. Similarly, for mouse liver, in vitro VMax is obtained by
refitting (using the rat Km) to the more limited data from Dekant et al.
(1998) and Green et al. (1990) (see Fig. 4, panel B). For consistency,
the Dekantet al. (1998) value is selected for the mouse baseline value,
though the value derived from Green et al. (1990) was 10-fold less. In
humans, there are only data from Dekant et al. (1998), which were

reported as non-detects. Therefore, the in vitro VMax is obtained by
refitting (using the rat Km) to half the nominal detection limit. Given
the wide variation in measures of GSH conjugation in rats, it is
expected that these estimates in mice and human are equally or even
more uncertain. For instance, in vitro data reported by Lash et al
(1998b, 1999) and Green et al. {1997 on hepatic GSH conjugation of
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Fig. 4. Fits of VMax and Km to in vitro GSH conjugation data (A =Rats, B= Mice, and
C=Humans). The value of Km from the fit to rat hepatocyte data of Lash et al. (1598)
was used for all other fits. Baseline values for VMax were based on the Dekant et al.
{1298) fits for each species, but a high degree of uncertainty is acknowledged given the
consistently lower values suggested by Green et al. (1880) and the consistently higher
values suggested by Lash et al. (1998, 2007).
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TCE in mice, rats, and humans span a range of three to five orders of
magnitude (Lash et al., 2000).

For kidney GSH conjugation, each in vitro VMax is scaled by using
in vitro measures of the activity ratio between the kidney and the liver,
with a preference for whole cell measurements because of the
differences in cytosolic and microsomal protein content. In male rats,
Dekant et al. (1998) reported no detectable activity in the kidney,
whereas Lash et al. (1998, 2007) reported a ratio of 0.13 to 0.67 in
kidney cells/hepatocytes and 0.06 to 0.08 in subcellular fractions. In
male mice, where only subcellular data are available, Dekant et al.
(1998) reported a ratio of 0.36 in males, whereas Lash et al. (1998)
reported a ratio of 0.14 to 0.16. In humans, no data on perc are
available, but Lash et al. (1999) reported aratio of about 0.13 for VMax
and 0.16 for VMax/Km for TCE using subcellular fractions. Therefore, a
baseline in vitro ratio of 0.15 is selected for all species, which is within
about 4-fold of all the available data.

Baseline values for subsequent metabolism and excretion of GSH
conjugation products

Green et al. (1990) report Kinetic parameters for bioactivation of
TCVC by renal beta-lyase, based on cytosolic fractions. However, no
data are available either on the other pathways of TCVC metabolism or
on total clearance of TCVC. Thus, these data are not informative as to
PBPK model parameters for either the relative fractional yields of
urinary DCA and NACTCVC or the shape of the time-course of urinary
excretion. Unlike the case of the yield of TCA from oxidation, available
data provide very limited support for urinary excretion products
being an accurate quantitative measure of GSH conjugation flux. First,
for TCA, the internal kinetics of TCA after it is produced are well
calibrated from the Chiu et al. (2009) TCE model, so there is no need
to rely on urinary excretion alone to estimate flux. Second, TCA
results from spontaneous reactions occurring after oxidation to the
perc-Fe-O intermediate, where as NACTCVC and DCA are the result of
multi-enzyme, multi-organ processing of the initial GSH conjugate,
with little quantitative data as to the fractional yields of alternative
pathways. Finally, Volkel et al. (1998) reported aspecies differencesin
the pattern of urinary excretion products, with rat urine containing
predominantly DCA and human urine containing predominantly
NACTCVC. Therefore, there is little reason to assume that the
relationship between urinary products and total flux is constant
across species.

Therefore, no baseline values are assigned to the PBPK model
parameters for the fractional yield of urinary DCA and NACTCVC from
GSH conjugation, and these parameters need to be optimized.
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In vivo toxicokinetic data for calibration and evaluation

A literature search was made for in vivo data not previously
considered in the PBPK modeling of perc and metabolites. At a
minimum, data needed to include the exposure level, duration, and
time of sample collection. Dermal exposure studies are not included
because the current model does not include that exposure pathway. In
addition, urinary excretion data that consisted only of concentrations
are excluded since the PBPK model predicts the rate and/or
cumulative amount of excretion (converting concentrations to
amounts requires additional assumptions as to urinary volume and
time between voids). These criteria led to omissions of a number of
datasetssuch as human data from Ohtsukiet al. (1983) and lkeda et al.
(1972), particularly given the availability of numerous higher quality
datasets that provide cumulative excretion data.

The studies with in vivo data considered for analysis are listed in
Tables 4-6 and are separated into a “calibration” dataset and
“evaluation” dataset. The following procedure is used to identify the
“calibration” dataset. First, to be considered for “calibration,” studies
need to have (1) dataat more than one time pointand either (2a) data
on one more metabolite, such as TCA, (2b) data on total metabolism,
such as closed chamber or mass balance, or (2¢) data on perc in one
organ in addition to blood or breath. Additionally,in sets of similar data
thatincludeshorterandlongerdosing periods,only theshorterperiodis
used for “calibration.” Dataon TCAdosingpreviouslyincorporatedin the
TCEPBPK model are not considered here because the TCE PBPK model's
TCA sub-model, along with its posterior distributions for the TCA sub-
model parameters, are used as inputs to the present perc PBPK model.
Evaluation of toxicokinetic data in mice administered TCA in drinking
water is reported separately (Chiu, in press).

Model evaluation

Verification

The TCE model upon which the perc model is based had been
previously verified by coding in MCSim and Matlab, as reported by
Chiu et al. (2009). The current model is verified by coding in both
MCSim and ACSLXtreme and comparing model predictions. In
addition, mass balances are checked for each dosing regime and
were found to be within the error tolerances of the ODE solver.

Baseline comparison with in vivo data
Acomparisonbetween model predictionsusing baseline parameters
and asubsetof the in vivocalibration data is used to determine whether

Table 4
Mouse in viveo toxicokinetic data used in PBPK model calibration and evaluation.
Reference Strain Sex Exposures {dose range) Measurements (time range) Calibration Evaluation
Buben and OFlaherty (1885)  Swiss-Cox M Oil gavage (20-2000 mg/kg/day) TCA urine (ns.) v
Gargas, 1988, reported in B3C3F1 M Closed chamber (1.5-400 ppm) Chamber concentration (0-6 h ) v
Reitz et al. (1996)
Gearhart et al. (1893) B6C3F1 M Closed chamber (200-3500 ppm) Chamber concentration (0-8 h ) v
Oil gavage (536-1072 mg/kg) Venous blood TCA blood (1-48 h)
Green (2003) B6C3F1 M+F  Inhalation (10-200 ppm) TCA blood (102 h) v
tkeda and Ohtsuji (1972) DD M+F  Inhalation (200 ppm) TCA urine v
Odum et al. (1988) B6C3F1 M+F  Inhalation (400 ppm) TCA blood (1-54 h) v
Phitip et al. (2007) Swiss-Webster M Aqueous gavage (150-1000 mg/kg/day)  Venous blood v v
Tissues: Liver, kidney (singledose) (repeated dose)
TCA blood
TCA liver (0-24 h and 696-720 h)
Reitz et al. (1996) B6C3F1 M Inhalation (11-1201 ppm) Exhaled as perc (6-21 h) v
Retained dose (6 h)
Fraction metabolized (54-71h)
Schumann et al. (1980) B6C3F1 M Inhalation (10.6 ppm) Retained dose (6 h) v

Oif gavage (500 mg/kg)

Fraction metabolized (78 h)
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Table 5
Rat in vivo toxicokinetic data used in PBPK model calibration and evaluation.
Reference Strain Sex Exposures (dose range) Measurements (time range) Calibration  Evaluation
Boyes et al. (2009) tong-Evans M Inhalation (250—4000 ppm) Arterial blood v
Tissues: brain (1-7 h)
Datlas et al. (1984a, 1984c) Sprague-Dawley M Intra-arterial (10 mg/kg) Arterial blood v
Inhalation (500 ppm) Tissues: Liver, kidney, brain, muscle, fat, lung,
heart (0-72 h)
Aqueous gavage (10 mg/kg)
Datias et al. (1984b) Sprague-Dawley M Inhalation (50-500 ppm) Arterial blood v
Exhaled breath (2-600 h)
Datlas et al. (1995) Sprague-Dawley M Intra-arterial (1-10 mg/kg) Venous blood (0-30 h) v
Aqueous gavage (1-10 mg/kg)
Franz and Watanabe (1983) Sprague-Dawley M Drinking water (8.09 mg/kg) Amount exhaled (12-84 h) v
Gargas, 1988, reported in Sprague-Dawley M Closed chamber (1-1020 ppm) Chamber concentration (0-5 h) v
Reitz et al. (1896)
{keda and Ohtsuji (1872) Wistar M+F  Inhalation (200 ppm) TCA urine (48 h) v
keda et al. (1972) Wistar F Inhalation (2-400 ppm) TCA urine (48 h) v
Odum et al. (1988) F344 M+F  Inhalation (400 ppm) TCA blood (1-54 h) v
Pegg et al. (1979) Sprague-Dawley M Oil gavage (1-500 mg/kg) Venous blood (1-36 h) v
Inhalation (9.12-573 ppm) Amount or fraction exhaled (72 h)
Retained dose, inhalation exposures only (6 h)
Reitz et al. (1996) F344 M Inhalation (11.9-1146 ppm) Exhaled as perc (6-27 h) v
Retained dose (6 h)
Fraction metabolized (54-72 h)
Savolainen et al. (1877) Sprague-Dawley M Inhalation (200 ppm) Venous blood v
Tissues: Liver, brain, fat, lung (120-126 h)
Volkel et al. (1998) Wistar M+F  Inhalation (10-400 ppm) TCA blood (6-30 h) v

Warren et al. (1996) Sprague-Dawley M

Aqueous gavage (160—-480 mg/kg)

TCA urine (0-78 h)

NAc-TCVC urine (0-66 h)

Arterial blood (0-95 h) v
Tissues: Liver, brain, muscle, fat (0-1.5h)

in vitro-derived metabolism parameters were consistent with in vivo
data. Thisinitial comparisonis performed “a priori” — withoutfitting or
adjusting any parameters. This “baseline subset” includes only studies
by inhalationexposure (so absorptionparameterswould not need tobe
fitted)and only datarelated to either the parentcompound (e.g., blood,
tissue, air, or chamber concentrations), mass balance (e.g., total
recovered radioactivity ),or TCA.

Estimation of metabolism parameters

Selection of parameters for optimization. Because the purpose of this
analysis is partly to determine the feasibility of including the GSH
pathway, a full Bayesian uncertainty/variability analysis is not
performed at this stage. Based on the results of the “baseline

Table 6
Human in vive toxicokinetic data used in PBPK model calibration and evaluation.

comparison,” the values for a limited number of parameters (see
Appendix Table A1 and Table 7) were replaced by optimized values
obtained by fitting to in vivo data. This includes all perc metabolism
parameters, so that in the optimization results, the original in vitro-
based baseline parameter estimates are not given any weight in the
parameter estimation, as bounded log-uniform prior distributions are
assigned to them (see below). However, the baseline parameters are
considered in the evaluation of the optimization results (discussed
below). All other parameters, including most physiological parameters
and partition coefficients, remain fixed at their baseline values.

For perc oxidation, preliminary analyses revealed that only a
subset of the parameters is identifiable. In particular, in mice, only a
single saturable (VMax and KM) and single linear pathway (VMax2/
KM2 ratio) could be estimated. Similar to what was found by Gearhart

Reference Individual data? (n) Sex Exposure dose range Measurements (time range) Calibration Evaluation
Chien (1987) Yes (1) M 0.06-5 ppm Alveolar breath (0-13 h) v
Chiu et al. (2007) Yes (6) M 1ppm Alveolar breath v

Venous blood

TCA bloed

TCA urine (0-166 h)
Fernandez et al. (1876) Some (7) M+F 100-200 ppm Alveolar breath (0-12 h) v v

TCA urine, for 2 individuals (0-72 h) (TCA[n=2]) (others)
Hake and Stewart (1877) Some (1) Alveolar breath (0-2.5 h) v
Monster et al. (1879) Yes (6) M 72-144 ppm Alveolar breath v

Venous blood

TCA bloed

TCA urine (0-167 h)
Stewart et al. (1861) No Alveolar breath (0-150 h) v
Stewart et al. (1870) No Alveolar breath (0—440 h) v
Volkel et al. (1998) Yes (6) M+F 10—40 ppm TCA plasma (6-30 h) v

TCA urine (0-78 h)
NAc-TCVC urine (0-35 h)
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Table 7
tog-likelihood and parameters after calibration.

WA Chiu, GL Ginsberg / Toxicology and Applied Pharmacology 253 (2011) 203-234

Parameter Baseline Post-calibration GSD of posterior modes Range of posterior modes
(posterior mode) across chains across chains

Mouse
Ln(Likelihood) - - 1780 - - 1808 to — 1780
QP (L/h) 209 289 1.03 2.86-3.22
VMax (mg/h) (saturable oxidation pathway) 023 0.026 1.16 0.022-0.0369
KM (L/h) (saturable oxidation pathway) 886 0.417 128 0.338-0.892
VMax2/KM2 (L/h) (linear oxidation pathway) - 0.0188 1.05 0.0165-0.0207
VMaxTCVG/KMTCVG (L/h) (linear conjugation pathway) 0656 6.83E- 05 383 3.05E-05-0.00179
kMetTCA (/h) 148 0638 1.05 0.56-0.695
kUrnTCA (/h) 293 1.26 1.05 1.11-1.38

Rat
Ln(Likelihood) - -1314 - -1321t0 - 1314
QP (L/h) 102 6.31 1.02 6.28-6.68
VMax (mg/h) (saturable oxidation pathway) 0.256 0.87 137 0415-1.93
KM (L/h) (saturable oxidation pathway) 697 311 139 148-719
VMaxTCVG/KMTCVG (L/h) (linear conjugation pathway) 222 0.00204 127 0.00131-0.00355
kDCA (/h) - 0.129 1.65 0.0758-0.451
FracNATUrn - 0.0143 1.29 0.00919-0.0253
FracDCAUm - 0.702 1.26 0.43-0.98

Human
Ln(Likelihood) - 1828 - 1790-1828
QP (L/h) 372 476 11 450-640
VMax/KM (L/h) (linear oxidation pathway) 0.353 0.454 1.08 0.346-0.468
VMaxKid/KMKid (L/h) (linear oxidation pathway) 0.00076 0.0947 1.09 0.0702-0.105
VMaxTCVG/KMTCVG (L/h) (linear conjugation pathway) 0.0196 526 171 0.00194-548
KNAT (/h) - 0.28 1.07 0.228-0.293
FracNATUrn - 0.000482 158 0.000472-1
FracDCAUrn - 0.00022 185 1.12E-05-0.442

et al. (1993), restricting oxidation further to a single saturable
pathway led to a significantly poorer fit. In rats and humans, on the
other hand, a second pathway couid not be identified. Thus, rats were
modeled using a single saturable pathway (VMax and KM).
Furthermore, in humans, only the linear rate of oxidation could be
identified (VMax/KM ratio), as the available data was not adequate to
estimate the degree of saturation. As discussed by Clewell et al
(2005), the time course of urinary excretion of TCA in humans is
better fit by allowing direct excretion of TCA following oxidation in
the kidney (see also earlier discussion under model structure).
Therefore, for humans, the linear rate of kidney oxidation is also
estimated to improve the fit over that from using “baseline”
parameters. Furthermore, in mice, preliminary analyses showed that
the time-course of TCA in blood decayed too rapidly, even after
correcting the overall metabolism of perc to TCA. Therefore, the
clearance parameters for TCA are further optimized. This is not
altogether unreasonable, since the posterior distribution for the
population means of these parameters had 95% confidence intervals
spanning 5- to 6-fold. In order to maintain the appropriate ratio
between urinary excretion and “other” metabolism that was pre-
dicted by Evans et al. (2009)and Chiu et al. (2009), the ratio between
the two clearance parameter was fixed.

For GSH conjugation, preliminary analyses revealed that only the
linear rate of percconjugationcouid be estimated (VMaxTCVG/KMTCVG
ratio).In addition, fractionalyields of urinary NACTCVCand DCAand the
empirical delay parameters for urinary excretion are also estimated,
given the lack of any in vitro data from which to estimate a baseline
value.In rats, preliminaryanalysesfound the NACTCVCdelay parameter
tobepoorlyidentified, so itsrate isfixed toan arbitrarily high value (i.e.,
no delay). In humans, DCA data consisted of non-detects, so the
empirical delay parameter for DCA could not estimated and its rate is
fixed to an arbitrarily high value.

Finally, the ventilation—perfusion ratio is optimized because initial
analyses suggest best fit values different from the standard baseline
values. This is to be expected, as inter-individual and study-to-study
differences in alveolar ventilation rate have been previously docu-

mented in the literature on the toxicokinetics of inhaled compounds
(e.g., Johanson and Filser, 1992; Monster et al., 1979). To ensure that
values have biological basis, physiclogical bounds are set to restrict
the range of permitted optimized values.

Optimization approach. A “traditional” optimization approach using
algorithmssuch as Nelder—-Mead was considered. However, one of the
difficulties with the usual optimization routines found in standard
software packages is that they are best suited for situations where
(1) there isagood guess as to the initial starting point; (2) the number
of parameters optimized at a time is quite small (less than 5, usualiy);
(3) all the parameters need to be identifiable; (4) there is a single
mode near to the “initial guess” for the parameters; and (5) the
sampling distribution of the parameters is close to being asymptot-
ically normal. These limitations lead to a number of somewhat ad hoc
“workarounds,” including use of “visual” fitting to obtain initial
parameter estimates and subdividing the data and parameters so that
only a few data and parameters are estimated at a time. To avoid such
ad hoc approaches, limited Bayesian analysis is utilized involving flat
priors and making inferences only using posterior modes obtained via
MCMC. This approach is more flexible for a number of reasons. First, it
uses starting points randomly selected over a wide range, so requires
only some bounds (that can be quite wide) rather than a good “initial
guess” for the parameters, (addressing point 1, above). The wide
range of starting points also may better locate multiple modes
(addressing point 4, above). Second, it is computationally efficient
even when simultaneously optimizing a larger set of parameters and
when some parameters are not (or only weakly) identifiable
(addressing points 2 and 3, above). Third, it directly samples from
the parameter sampling distribution, rather than relying on its being
close to asymptotically normal (addressing point 5, above). Fourth, if
an extension to full hierarchical population analysis is performed,
then the same software can be used with minimal recoding. It is
acknowledged that alternative optimization techniques could be
used, such as simulated annealing (Belisle, 1992), and it would be
interesting to compare resuits in future work.
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Specifically, for each species, let the data have a “type” label i (e.g.,
i =1, closed chamber; i =2, venousblood; etc.) and an index j, so each
data point is denoted y;;. For a given set of parameters 8, the natural
logarithm of each data point is assumed to be normally distributed,
with variance o?, about the natural logarithm of the PBPK model
predictions f;(8). The log-likelihood (LL) function is therefore:

L J L n 02 L'
L §o® = -3 In2mof =2 + Iny—Infoep = 207 : o

Therefore, all data points for a given data type (all closed chamber
data) are assumed to have their own variance. The parameters 8 are
the “scaling parameters” shown in Table A1, whereas the parameters
o2 represent the “residual error.” Data from each species are grouped
together, so this “residual error” that is represented by the variance
parametersc? includes experimental error and model error,as well as
inter-strain (for rodents), inter-study, inter-group,and inter-individual
variability.Importantly,the variance parametersare estimatedaspart of
the parametercalibration,and so contain informationabout the degree
of “residual error” between the model predictions and the data.
Bounded log-uniform distributions (or uniform distributions on the
log-transformed parameters) are used as priors for all parameters,
spanningeitherbiologicalbounds (such as for the ventilation-perfusion
ratio) or a sufficiently wide range so as to be inconsequential to the
results (all other parameters, including variance parameters). With
these choices for priors, the posterior mode and MLE estimate over the
log-transformedparameterswill coincide numerically,though thereisa
conceptual difference in the treatment of parameters in the two
approaches.

To account for sampling variation as well as to access multiple local
maxima, if they exist, muitiple independent MCMC chains, each of
length 5000 (retaining only every 10 samples to reduce storage
requirements), are used, each with different random starting points
and random number seeds. In mice and rats, 24 independent chains
were used. Because of preliminary analyses revealed mulitiple
maxima, in humans 48 independent chains were used to better
cover each maximum. The parameter set with highest overall
posterior probability out of the (24 or 48)x500= (12,000 or
24,000) recorded samples is selected as the posterior mode. The
parameter sets with the highest posterior probability in each chain
(“chain-specific posterior mode”) are used to assess the sampling
uncertainty in the posterior mode as well as the presence or absence
of multiple local maxima. From here forward, the “optimized values”
refer to the collection of chain-specific posterior modes.

Model parameter and model fit evaluation

Optimized values of model parameters, particular for metabolism,
are evaluated with respect to values obtained from the literature for
perc or related compounds. For hepatic metabolism, comparison is
made with the in vitro measurements used to derive the baseline
values (see above), as well as data from related compounds TCE,
CHj,l,, and CH.Cl,. In particular, comparison is made to TCE oxidation
as reported by Lipscomb et al. (1988) for in vitro VMax and KM in
mouse, rat, and human liver microsomes. Comparison is made to TCE
GSH conjugation as reported by Green et al. (1997a) in mouse, rat, and
human liver cytosol, and by Lash et al. {1998b, 1999) in mouse and rat
liver subcellular fractions and in human hepatocytes. Comparison is
made to CH,l, and CH,Cl, GSH conjugation as reported by Wheeler
et al. (2001) in bacteria that were transfected with human GSTT1.
These two substrates represent the minimum and maximum reported
activitiesamong the 5 halomethanes for which HCHO formation could
be detected. For these data, the conversion required use of the
molecular weight of GSTT1 (29 kDa), assuming its responsible for at
least of a portion of the cytosolic activity, and the amount of GSTT1 in
liver cytosol, estimated to be about 0.02% (Juronen et al., 1996).

In terms of model fit, first a qualitative, visual comparison is made
between model predictions using posterior mode parameters and
both the “calibration” data and the “evaluation” data. Then, more
quantitatively, the residual error estimates are evaluated, along with
the geometric mean and standard deviations of the ratio between
predictedand observeddata, for both the “calibration” and “evaluation”
datasets.

Dose metric and mass balance predictions based on posterior mode
parameter estimates

The following dose metrics are assessed for continuous exposures
(10 weeks for rodents, 100 weeks for humans) at 0.01-1000 ppm in
air or 0.01-1000 mg/kg/day by oral intake (e.g., drinking water):

+» Daily area-under-the-curve of perc in blood,

* Amount metabolized by oxidation (as fraction of intake),

+ Amount metabolized by GSH conjugation (as fraction of intake), and
» Equivalent daily production of TCA per kg body weight.

With respect to the last dose metric, TCA produced in the kidney
and excreted directly to urine is not included, since it does not reach
any target organ (i.e, the liver) or enter systemic circulation.

Dose metrics are evaluated using the overall posterior mode as
well as using each chain-specific posterior modes. From these dose
metrics, the overall mass balance can be inferred.

Local sensitivity analyses to inform dose metric uncertainty

The sampling distribution of posterior modes only provides a
sense of the uncertainty with respect to the optimized parameters,
not with respect to the fixed parameters. Assessing the degree of
uncertainty that may result from fixing these parameters requires
three pieces of information on each parameter:

1. The extent to which dose metric predictions are sensitive to the
parameter,

2. How much a priori data supports the parameter's value, and

3. The extent to which predictions (fits) to the empirical data are
sensitive to the parameter (as a partial indicator of identifiability).

For considerations (1) and (3), local sensitivity analysis is
performed with respect to the predicted dose metrics and calibration
data points, respectively. For simplicity, the dose metrics were
only evaluated at “moderate” rodent exposures (10 ppm and
100 mg/kg/day) and “low” human exposures (0.01 ppm and
0.01 mg/kg/day), since these are of primary interest to environmental
risk assessment. To perform local sensitivity analysis, each parameter
is centered either on its baseline value or on its posterior mode, and
then increased and decreased by 5%. The relative change in the model
output f(8) is used to estimate a local sensitivity coefficient (SC) as
follows:

h
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Here, 8. is the posterior mode or baseline value of +5%. For log-
transformed parameters, 0.05 was added or subtracted from the
baseline value, whereas for untransformed parameters, the baseline
value was multiplied by 1.05 or 0.95. For (1), f(8) is one of the dose
metricsdescribedabove,and for (3),f(8) is one of the model predictions
of the calibration data used to derive the posterior mode. The resulting
values of SC are binned into five categories according to their sensi-
tivity coefficient: none (|SC| = 0) very low (0b|SC|<0.1), low (0.1b |
SC| =0.5), medium (0.5b|SC} < 1.0),and high (JSC|N1.0).

For consideration (2), a judgment is made based on the sources of
the baseline parameter values. For parameters estimated by optimi-
zation, consideration (3) is also informed by the sampling distribution
of posterior modes.
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Note that local sensitivity analyses as typically performed in
deterministic PBPK modeling can only inform the “primary” effects of
parameter uncertainties — i.e., the direct change on the quantity of
interest due to change in a parameter. They cannot address the
propagation of uncertainties through an analysis, such as those that
can arise due to parameter correlations in the parameter fitting
process. Those can only be addressed in a global sensitivity analysis or
more comprehensive Bayesian approach, which is left for future work.

Results
Model parameter evaluation

Statistical uncertainty

Table 7 summarizes the statistical characteristics of the optimized
parameters, comparing the baseline value, overall posterior mode, the
GSD of the chain-specific posterior modes, and the range of the chain-
specific posterior modes. A large (e.g., N10-fold) GSD or range of
chain-specific posterior mode is indicative of either muitiple local
maxima and/or poor identifiability. For ease of interpretation, all
parameters have been converted to physical units using the scaling
relations from Table A1. For pathways modeled with a linear rate only,
the ratio VMax/KM is shown.

In mice, as shown in Table 7, the alveclar ventilation QP and the
parameters for perc oxidation and TCA clearance are consistently
estimated, with GSDs across chains of 1.3 or less and range of
estimates spanning 3-fold or less. This suggests that the data are
highly informative as to these parameters, without multiple modes or
degeneracies. The linear rate of GSH conjugation, however, has
somewhat more uncertainty, with estimates range spanning almost
two orders of magnitude.

In rats, QP, VMax and KM for oxidation, linear rate for GSH
conjugation, and the fraction of GSH conjugation appearing as
NACTCVC and DCA in urine are all consistently estimated, with GSDs
across chains of 1.3-fold or less and range ofestimates spanning 3-fold
or less. This suggests that the data are highly informative as to these
parameters, without multiple modes or degeneracies. Much more
uncertain is the urinary delay constant for DCA, with estimates
spanning two orders of magnitude.

In humans, QP, the linear rate for hepatic and kidney oxidation,
and the urinary delay constant for NACTCVC are consistently
estimated, with GSDs across chains of 1.1-fold or less, and estimates
spanning a range of 2-fold or less. This suggests that the data are
highly informative as to these parameters, without multiple modes or
degeneracies. Parameters directly related to the GSH conjugation —
the linear rate of conjugation and the fractional yields of urinary
NACTCVC and DCA — appear much more uncertain, with the overall
posterior mode and alternative posterior modesspanning about 3 and
a half-orders of magnitude. In particular, they appear to show two
distinct modes — one with “high” GSH conjugation (the overall
posterior mode) and one with “low” GSH conjugation (a number of
the alternative posterior modes).

Biological plausibility

Model parameters are evaluated with respect to values obtained
from the literature for perc and related compounds. As shown in
Table 7, the posterior mode estimates of the alveolar ventilation rate
are higher than baseline values in mice and humans, and lower than
baseline values in rats. However, they remain reasonable physiolog-
ical values (e.g., compared with Brown et al., 1997). In mice, the
optimized values for TCA clearance were about two-fold lower than
the baseline values obtained from the posterior population mean of
the Evans et al. (2009) TCE PBPK model, though they remain with the
95% confidence interval.

In terms of perc metabolism parameters, Fig. 5 compares the in
vivo predictions for hepatic metabolism with available in vitro data.

For oxidation, in mice and rats, the optimized values are about an
order of magnitude higher than baseline values, whereas in humans,
the optimized values are quite similar to baseline values. However,
they do not appear unreasonable compared to other compounds. For
example, as shown in Fig. 5, the linear rates are lower than those for
TCE, which is known to be more extensively oxidized by P450s than
perc. At higher substrate concentrations the predicted rate of
oxidation of perc in mice and humans is greater than that for TCE,
but this is an artifact of the assumption of a linear rate necessitated by
KM being unidentifiable. In humans, the optimized rate of kidney
oxidation is much higher than the baseline value (see Table 7),
consistent with the finding of Clewell et al. (2005). However, the
overall contribution of renal oxidation is only about 20% of that of
hepatic oxidation. This finding is consistent with data suggesting that
perc is oxidized by P450 isoforms in addition to CYP2E1, which
appears to be not expressed (or expressed to a very low extent) in the
kidney (Lash and Parker, 2001).

For GSH conjugation, the range of the in vitro data is quite wide,
especially when also taking into considering data from other
compounds (see Fig. 5). In mice and rats, the in vitro data on perc
GSH conjugation (filied symbols in Fig. 5) spans the range of estimates
from optimization to in vivo data. For humans, the in vitro data only
consist of non-detects from Dekant et al. (1998), which, if assumed to
be half the detection limit, are more consistent with the alternative
posterior modes. Data from TCE (open symbols in Fig. 5) show the
long-standing discrepancy between TCE GSH conjugation measure-
ments by Lash et al. (1998b, 1999) and Green et al. (1997a), and span
the range of estimates from optimization to in vivo data. Data from
halomethanesshow arange of activities, with the largest and smallest
reported in Wheeleret al. {2001) shown in Fig. 5. Note, however, that
the lower rate from Wheeleret al. {2001)shown is only slightly above
what could be detected, so values below that are not unreasonable.
Therefore, the ranges of predicted rates for perc are consistent with
the range inferred from halomethanes. In addition, somewhat higher
ratesare also reasonably plausible if GSTT1 only accounts for a portion
of the overall GSH conjugation of perc. Overall, the in vivo optimized
values do not appear to be substantially outside the bounds suggested
by available in vitro data.

Model fit evaluation

The fits between model predictions and in vivo data for the
baseline and optimized model are summarized in Table 8 (residual
error estimates and prediction/observation residuals), Fig. 6 (residual
plots for selected measurements), and Supplementary Materials
(individual time-courses). The discussion here focuses on summary
results from Table 8 and Fig. 6, with the Supplementary Materials
containing discussion of individual time-courses.

Mouse model

In mice, the largest discrepancy in baseline predictionsis for TCAin
blood and liver, which are under-predicted by about a 20-fold
difference on average (see Table 8 baseline residuals, and Fig. 6A).
Closed chamber concentrations and other measurements of perc
itself, however, are relatively well predicted at baseline, with ratios of
predicted/observed of about 2-fold on average (see Table 8 baseline
residuals). These results suggest that while baseline predictions of
total metabolism in mice are fairly accurate, the prediction for the
relative proportion of oxidation to conjugation is much too low or TCA
elimination is much slower that predicted by previous modeling of
TCE and TCA.

As expected, the optimized parameters had increased oxidation,
decreased conjugation, and decreased values for TCA clearance (see
Table 7), resulting in substantially better fits to TCA (Table 8
calibration data residuals). For mice calibration data, the poorest fits
(residual error GSDN3.0) are to the rate of perc exhalation (from Reitz

EPA-HQ-2018-0008760048267



WA Chiu, GL Ginsberg / Toxicology and Applied Pharmacology 253 (2011) 203-234 215

o~
S . . o . .
~ T T A)Mouse Oxidation £ ~ 1 B)Mouse Conjugation
g _ ] 2 ]
= o] = -
> 22 E
< E o 0 0 o = E
< 4 EE o R
3 - - ° o7
g 3§ e I £ 7
E- 3 E «~ 7
O o -
§ 7 5 =7
T o~ ] y ® ., 7
g o - 2 o4
& T3 el g -
5 21 . ° =
o 24 S
© = @
24 < ] T w0
EN -
IIIII LI IIIIIII LI | IIIIIII LI IIIIIII LELLELLI - I"II LI | IIIIIII LI IIIIIII LI IIIIIII LELILRLI
0% 10?2 107 1 10°% 10?2 1! 1
CV liver (mmol/L) CV liver (mmol/L)
= . O
~ ~ 7 C)Rat Oxidation s 7
8 3 s0000000l 2 3
2 T3 ° 2 T3
: ] : -
= _ ] T o=
g ol £ 2
E 73 E o ]
§ - ] 5 =1
5 27 S 2 ]
= E =2 o
O - ] s "3
T o O =
g T3 S o
© E o
r . ] T o ]
=h T oo
IIIII 3| IIIIIIII 2| IIIIIIII 1| IIIIIIII LELLELLI ~ I"II 3| IIIIIIII 2| IIIIIIII 1| IIIIIIII LELILRLI
10° 10° 10° 1 10° 10° 10° 1
CV liver (mmol/L) CV liver (mmol/L)
= . . = R .
= g E)Human Oxidation = =71 F)Human Conjugation
[
N z 24
o> o E
g 3 600000 < -4
£ ] o £ - 3
3 - ] 3 o
g ol E &
E T3¢ £ o+
o N S o E
c o A 2
8 =4 g 5 3
'?—< E 2 b
O o i S Lf)F
] S w 3
S o O o <
i T C «© 7
T ] O b=
] NG
=R r u4
IIIII LI IIIIIII LI | IIIIIII LI IIIIIII LELLELLI - I"II LI | IIIIIII LI IIIIIII LI IIIIIII LELILRLI
102 10?2 10! 1 0% 10?2 10! 1
CV liver (mmol/L) CV liver (mmol/L)

Fig. 5. Comparison of mouse (A-B), rat (C-D), and human (E-F) rates of hepatic oxidation (A, C,and E) or conjugation (B, D, and F) measured in vitro (symbois) and predicted by the
model (lines).Datashown consistof measurementsof percin vitrooxidationand conjugation{solidcircle: Dekantet al. (1998),solidsquafeeen et al (1990); soliddiamond:iashetal.
(1998), sd d trarg & ‘Lash et al. (2007 ); solid upside-downtriangle: Reitz et al. (1996)], reported fits of in vitro perc VMax and Km for oxidation {gray-filled circle: Costaand lvanetich
(1980); gray-filled square: Costa and lvanetich (1984, gray-filled diamond: Lipscombet al. (1988), gray-filled triangle: Yheeler et al. (2001)CH,lo; gray-filled upside-downtriangle:
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et al.,, 1996). It is unclear how to completely reconcile the extremely retained perc exhaled and the liver concentration of TCA, with the

well-fit closed chamber data with the more poorly fit C-14 data from predictions and observations differing by 3-fold or more on average.
Reitz et al. (1996), but inter-study variation cannot be ruled out. All Part of the difficulty in fitting the TCA data stems from the different
the remaining calibration data had more modest (b2-fold) residual degree of dose-proportionality between tissues (liver and blood) and

errors. For mice evaluation data, the poorest fits are to the fraction of the observed differences between single and repeated dosing
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Posterior modes for residual calibration error and statistics of residuals for calibration and evaluation data.

Baseline residuals

Calibration data: residuals

Evaluation data residuals Estimated calibration error

(predicted/ (predicted/observed) (predicted/observed) (GSD =exp( 0))
observed)
Measurement GM GSD GM using GSD using GM using GSD using GSD using Range
posterior mode posterior mode posterior mode posterior mode posterior mode across chains
Mouse
Closed chamber concentration 1.08 1.50 1.02 122 - - 1.21 121-124
Perc venous blood concentration 0.98 200 078 1.85 0.66 1.65 201 177-230
TCA blood concentration 0048 465 1.05 1.88 1.24 1.67 1.90 1.82-2.04
Retained dose 116 116 1.34 1.35 0.82 - 1.81 1.36-3.03
Fraction of retained dose metabolized 049 1.80 0.77 1.38 0.66 - 149 128-465
Fraction of retained dose exhaled - - - - 348 - - -
Total amount metabolized - - - - 146 - - -
Total amount of perc exhaled - - - - 0.98 - - -
Rate of perc exhalation 227 183 3.24 1.54 - - 426 3.05-528
Perc liver concentration 0.91 504 0.98 175 0.60 240 1.61 154-213
Perc kidney concentration 1.30 3.08 1.01 157 0.93 175 156 147-179
TCA liver concentration 0056 276 0.82 1.61 3.20 1.70 1.59 1.53-1.89
Cumutative urinary excretion of TCA - - - - 1.18 155 - -
Rat
Perc venous blood concentration 1.07 227 1.36 1.60 0.94 217 175 169-199
Perc brain concentration 0.56 3.94 1.03 178 1.90 1.35 1.78 172-2.11
Perc liver concentration 0.24 559 1.1 225 142 1.51 234 196-272
Perc kidney concentration 0.10 198 0.59 222 - - 249 222-319
Perc muscle concentration 026 479 0.80 249 - - 271 223-3.21
Perc fat concentration 0.23 376 0.70 1.80 281 1.26 204 188-23
Perc arterial blood concentration 0.26 349 1.00 177 0.54 1.83 173 1.64-184
TCA blood concentration 0092 302 0.87 1.77 - - 1.94 162-2.14
Retained dose 107 133 0.70 1.19 - - 141 1.37-279
Fraction of retained dose exhaled 0.38 271 1.1 1.16 - - 1.33 1.11-339
Amount of perc exhaled 0.41 3.34 113 1.14 1.01 - 1.16 112-271
Closed chamber concentration 0.29 242 0.95 1.29 - - 1.32 128-133
Perc exhaled breath concentration - - 0.33 1.80
Fraction of retained dose metabolized 204 147 0.56 146 - - 214 152-9.05
Rate of perc exhalation 1.01 1.87 120 1.58 - - 167 149-195
Cumutative urinary excretion of TCA 0.03 157 1.01 1.10 0.50 254 1.16 111-1.16
Cumutative urinary excretion of NAc-TCVC 3850 1.86 0.91 137 - - 145 1.31-151
Cumutative urinary excretion of DCA 45 1.36 0.97 126 - - 132 122-139
Human
Perc alveolar breath concentration 1.06 1.82 0.93 173 0.83 3N 175 173177
TCA blood or plasma concentration 0.80 1.85 1.02 1.81 - - 1.81 1.73-187
Perc venous blood concentration 1.36 1.65 1.07 1.71 216 1.15 1.71 171-188
Cumutative urinary excretion of TCA 0.45 225 1.00 1.96 - - 192 191-199
Cumulative urinary excretion of NAc-TCVC 402 141 1.01 1.41 - - 142 137-143

GM = geometric mean; GSD = geometric standard deviation.

experiments. Both of these results suggest that additional non-
linearities, such as tissue-specific protein binding, inhibition of
metabolism, and/or the effects of hepatic injury (Philip et al., 2007),
need to be included to more accurately predict TCA time-courses
following perc exposure. All the remaining evaluation data was
predicted to within about 2-fold on average.

Rat model

In rats, the largest discrepancies in baseline predictions are for perc
in tissues, closed chamber concentrations, and TCA in blood and urine,
which are underpredicted by 3- to 300-fold (see Table 8 baseline
residuals, and Fig. 6B). These resuits suggest that baseline predictions
of total metabolism are too high in rats, while baseline predictions of
oxidative metabolism are too low.

As expected, the optimized parameters had increased oxidation
and decreased conjugation, resulting in a clear improvement in model
fit across all the data (see Fig. 6B, and Table 8 calibration data
residuals). For rat calibration data, the poorest fits are to the fraction
of retained perc metabolized and rate of perc exhalation (both from
Reitzetal, 1996) and percin various tissues (from Dallas et al,, 19943,
1994c; and Warren et al., 1996), with residual errors of 2- to 3-fold. As
with mice, it is unclear how to completely reconcile the extremely

well-fit closed chamber data with the more poorly fit C-14 data from
Reitz et al. (1996), but inter-study variation cannot be ruled out. All
the remaining data have more modest (b2-fold) residual errors. For
rat evaluation data, the poorest fits are to perc in fat (Savolainen et al,
1977) and exhaled breath (Dallas et al.,, 1994b) with the predictions
and observations differing by more than 2-fold on average. The
remaining evaluation data had less than 2-fold residuals on average,
though there is some degree of variability between studies.

Human model

In humans, the baseline predictions were better than those in
rodents. The greatest discrepancies were with respect to TCA urinary
excretion,but in some cases the baseline estimates were overestimates
while in others they were underestimates. The results in humans
suggest that baseline predictions for oxidation are fairly accurate on
average, but that there is significant inter-individual variability. In
addition, baseline predictions for total metabolism in humans do not
appear inconsistent with the parent compound data.

Optimization of human parameter leads to a decrease in the
overall deviation between observations and predictions, but not as
dramatically as with mice and rats. For human calibration data, all
the fits have calibration residuals centered on 1 with scatter of about
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Fig. 6. Comparison of residuals (model predictions/in vivo data) in mice (A), rats (B), and humans (C). Each boxplot consists of the median (thick line), interquartile region (box), and
95% quantile region (error bars). For the selected data types, residuals are shown for baseline data and baseline predictions (using baseline parameters), calibration data and
calibration predictions (using the posterior mode parameters), and evaluation data and evaluation predictions (aiso using the posterior mode parameters). The dashed horizontal

gray line in each panel represents predictions = data.

2-fold (see Table 8, calibration data residuals), and corresponding
residual errors less than 2-fold (see Table 8, estimate residual error).
For human evaluation data, the poorest fits are to perc in blood (from
Stewart et al., 1961), with the predictions and observations differing
by more than 2-fold on average. The remaining evaluation data had
less than 2-fold residuals on average.

As discussed above under “model parameter evaluation,” the
parameter optimization procedure revealed two distinct modes in the
rate of GSH conjugation — one with “high” GSH conjugation (the
overall posterior mode) and one with “low” GSH conjugation (a
number of the alternative posterior modes). The log-likelihood for the
overall posterior mode with high GSH conjugation is 38 units higher
than the alternative posterior modes with low GSH conjugation,
which would be significant by any classical statistical test. This reflects
the collective improvement in fit over many time-courses, but it is
difficult to discern a qualitatively significant improvement in model fit
in individual time courses. Specific examples are shown in Figs. 7-10,
in which time-courses using the overall posterior mode (with “high”
predictions for GSH conjugation) are compared those using the
alternative posterior modes (which include both “high” and “low”
predictions for GSH conjugation). In particular, these Figures show the
calibration predictions for the individual in each study with the

greatest difference in log-likelihood between the overall posterior
mode and the lowest alternative posterior mode. Clearly, the degree
of deviation is far less than the intra- and inter-individual variability
evident in the data. Intra-individual variability (partially related to
experimental variance) is particularly prominent in the perc and TCA
blood datain subject B from Chiu etal. (2007) (Fig. 7). Inter-individual
variability is evident when comparing TCA in urine across all four
figures (Figs. 7, panel D, 8, panelsCand D, 9, panel D, and 10, panels A
and B)—some data were higher than the predictions and some lower.
Similarly, between Subjects C and E from Volkel et al. (1998), the
amount of NACTCVC in urine also showed substantial variability well
in excess of the difference among the predictions.

Finally, it is interesting to note that there is inter-study and inter-
individual variability in whether the overall posterior mode param-
eters lead to a better fit than a “low” GSH conjugation alternative
posterior mode parameter. In particular, comparing partial log-
likelihoods for each individual (i.e., the likelihood for the data for
that individual) between overall posterior mode with the lowest
alternative posterior mode (which predicted “low” GSH conjugation),
15 individuals had higher partial log-likelihoods using the overall
posterior mode, while 5 individuals had higher partial log-likelihoods
using the lowest alternative posterior mode. This raises the possibility
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Fig. 7.Comparison of data and model predictions for perc in alveolar air (A) and blood (B) and TCA in blood (C) and urine (D) for human subject B from Chiu et al. (2007 ) exposed to
1 ppm for 6 h. Within thisstudy, this individual has the greatest difference in fog-likelihood between the overall posterior mode and the lowest chain-specific posterior mode.Circles
are data (connected by thin lines for clarity), the thick solid line is the overall posterior mode, and the gray lines show chain-specific posterior modes.

that inter-individual variability may play a role in the range of
estimated responses, though this inference is limited in part by there

being only 20 subjects in the calibration dataset.
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Overall, across all three species, the fitted model predictions were
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Fig. 8. Comparison of data and model predictions for perc in alveolar air (A-B) and TCA in urine (C-D) for subjects from Fernandez et al. (1876) exposed to 150 ppm for 8 h. Circles
are data (connected by thin lines for clarity), the thick solid line is the overall posterior mode, and the gray lines show chain-specific posterior modes.
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Fig. 9. Comparison of model predictions for perc in alveolar air (A) and blood (B) and TCA in blood (C) and urine (D) for human subject C from Monster et al. (1979) exposed to 72
(data: circles, predictions: thick lines) and 144 ppm for 4 h (data: triangles, predictions: thick dashed lines). Within this study, this individual has the greatest difference in log-
likelihood between the overall posterior mode and the lowest chain-specific posterior mode. The solid lines are the overall posterior mode, and the gray lines show chain-specific
posterior modes.

noted above, in which the discrepancies were larger but within about pharmacodynamic mechanisms affecting disposition may be useful to
an order of magnitude. Only in the case of TCA in mice after high evaluate. In most other cases, when comparing the same or similar
exposures is there evidence that additional pharmaceokinetic or measurements following the same routes of exposure, the model

a(D— a o -
E A E B o+
27 2“7 g
S < - 5 < -
£ £
< o <
O
2 2
g o1 g 1
IS B
S~ A S 4
£ E
o - o -
o o 1 1 1 1 1
o] 20 40 60 80
t (hours) t (hours)
=) =)
Eo E o
gs]C 21D
S 8. 5 8
£ o £ o
S 8 S 8.
8 o S o
¢ 3 ¢ S
< © g ©
Z o Z o
¢ §1 ¢ 31
= o = ©
58 28
(= ! -
g o T g S T T T T T T T
O o] 5 10 15 20 25 30 35 O o] 5 10 15 20 25 30 35
t (hours) t (hours)

Fig. 10.Comparison of model predictions for TCA (A-B) and NACTCVC (C-D) in urine for human subjects C (a female, panels Aand C) and E (a male, panels Band D) from Volkel et al.
{1998) exposed to 10 (data: circles, predictions: thick lines), 20 ppm (data: triangles, predictions: dashed lines), and 40 ppm (data: crosses, predictions: dotted lines) for 6 h. Within
this study, for each sex, these individuals have the greatest difference in log-likelihood between the overall posterior mode and the lowest chain-specific posterior mode. The solid
lines are the overall posterior mode, and the gray lines show chain-specific posterior modes.
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Fig. 11. Dose metric predictions for continuous inhalation exposure in mice, rats, and humans. Units are as follows: perc AUC in blood, mg h/L/day per ppm in air; fraction oxidized,
mg/kg/day oxidized per mg/kg/day intake; fraction conjugated, mg/kg/day conjugated per mg/kg/day intake; TCA dose, mg/kg/day systemic TCA per ppm in air, where TCA directly
excreted from the kidney is not included. The dotted lines show the baseline predictions, the solid lines show the overall posterior mode, and the gray lines show chain-specific
posterior modes (24 separate runs for mice and rats, and 48 separate runs for humans). In some cases, the gray lines are not visible because the chain-specific runs all coincide.

predictions were usually not consistently in one direction greater or
less than the observations. In addition, in humans, the observations
themselves show substantial variability between individuals, and in
some cases among the data for asingle individual. Thus, overall, these
suggest that the discrepancies in model fits reflect mostly variability,
with some experiments under-predicted and others over-predicted.

Dose metric and mass balance predictions based on posterior modes

Figs. 11 and 12 summarize the PBPK model dose metric predictions
based on the baseline, overall posterior mode, and chain-specific
posterior mode parameters (see Supplementary Materials, Tables S6—
S9, for tabular representation). For ease of comparison, the perc AUC
and TCA dose metrics have been scaled by the exposure unit and the
same ordinate scale for each dose metric is used across all three
species.

The uncertainty due to the distribution of chain-specific posterior
modes contributes to the overall uncertainty in the predicted dose
metric. As shown in Figs. 11 and 12, in some cases, this source of
uncertainty is minimal (when the chain-specific predictions over-
lap), and in others, there is a substantial amount of uncertainty

remaining in the dose metric predictions, even after calibration
(when there is a large spread in chain-specific predictions, shown in
gray).

The blood perc dose metric has by far the least amount of this
chain-to-chain uncertainty. This is true across all species, routes of
exposure, and exposure levels. The dose metrics with the next lower
amount of chain-to-chain uncertainty are perc oxidation and TCA
formation. As discussed above, there are some discrepancies between
predictions and observations for blood perc and TCA in blood and
urine. The predictions for GSH conjugation are more uncertain. In the
rat model, the ranges of chain-specific posterior modes span 1.3-fold
or less, but the range in the mouse and human models are higher. For
the mouse model, the range is about 60-fold and in the human model,
the range is about 3000-fold.

From these dose metrics, the total mass balance of perc can be
inferred. In particular, in mice, the model predicts total metabolism to
be less than 20% of intake by inhalation, though up to almost 60% of
intake by ingestion. Of this, the vast majority is predicted to be
oxidation, with the fraction attributable to conjugation being less than
1% for inhalation and less than 2% for ingestion. Thus, while there is
substantial uncertainty in the amount of GSH conjugation in mice, it
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Fig. 12. Dose metric predictions for continuous oral exposure in mice, rats, and humans. Units are as follows: perc AUC in blood, mg h/L/day per oral mg/kg/day; fraction oxidized,
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directly excreted from the kidney is not included. The dotted lines show the baseline predictions, the solid lines show the overall posterior mode, and the gray lines show chain-
specific posterior modes (24 separate runs for mice and rats, and 48 separate runs for humans). In some cases, the gray lines are not visible because the chain-specific runs ail

coincide.

nonetheless is predicted to account for only a small fraction of the
overall disposition of perc in mice. Moreover, the estimates of total
metabolism are unaffected by this uncertainty. Overall, the disposition
of perc is predominantly by exhaled breath for inhalation, and by
metabolism for ingestion.

In rats, the model predicts total metabolism to be about 4% by
inhalation and 10% by ingestion (with a decrease at high exposures
due to saturation). Again, the vast majority is predicted to be
oxidation, with GSH conjugation accounting for 0.3% or less for
inhalation and 0.6% or less for ingestion. Thus, total metabolism,
oxidation, and conjugation are all relatively tightly estimated, and the
disposition of perc is dominated by exhaled breath.

In humans, the model predicts total metabolism to be about 10%
or less by inhalation and about 20% or less by ingestion. While the
amount attributable to oxidation is fairly tightly estimated at about
1% from inhalation and 2% by ingestion, the amount attributable to
GSH conjugation ranges from less than 0.003% to 10% by inhalation,
and 0.006%to 19%by ingestion. For GSH conjugation, the available in

vivo data are inadequate to constrain the flux through this pathway,
either extreme providing plausible fits to the data. Moreover, as
discussed above in Model parameter evaluation, in vitro data are also
highly uncertain, as there is a wide range of in vitro estimates of perc
GSH conjugation. Nonetheless, the range of total metabolism is
narrower, from 1% to 10% for inhalation and 2% to 20% by ingestion,
with the lower estimate reflecting the prediction that oxidation
dominates total metabolism, and the higher estimate reflecting the
prediction that GSH conjugation dominates total metabolism. Thus,
in any case, the disposition of perc is predominantly by exhaled
breath.

Results of local sensitivity analyses

The results of local sensitivity analyses, centered on the overall
posterior mode, are shown in Table 9 (most sensitive parameters
only) and Supplementary Materials (complete results, Tables S10-
S12). In each table, the parameter sensitivity coefficients are given for
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Tabie 9
Selected local parameter sensitivity analyses resuits.

Species AUCCBId FracOx FracGSH TCASys Calibration data
(Isch (I1SCh) (ISCh) (ISCh) (# of data points)

Scaling parameter inh Oral inh Oral Inh Oral inh Oral VL L M H

Mouse
InQCC 0.18 0.74 072 049 0.58 0.74 0.28 0.49 61 173 229 29
InVPRC 0.21 0.87 0.86 0.25 077 04 0.14 0.25 121 260 94 17
QGutC 0.03 0.1 0.12 0.2 0.17 0.3 0.12 02 340 136 12 0
InDRespC 0.03 0.11 0.02 0.03 0.03 0.05 0.02 0.03 467 25 0 0
VLivC 0.18 0.39 072 0.74 0.51 043 0.72 0.74 118 263 105 2
PBC 0.85 0.87 0.58 0.25 0.92 04 0.58 0.25 39 337 114 2
InKMC 0.06 0.13 0.27 0.26 0.15 0.13 0.27 0.26 408 79 4] 0
InCIC 0.18 0.39 072 074 042 0.39 0.72 074 94 237 156 0
InCi20xC 0.08 0.21 0.31 0.39 0.19 0.21 0.31 0.39 122 268 95 0
InFracOtherC 0 0 0 0 0 0 0.1 0.1 84 22 0 0
InCITCVGC b0.01 b0.01 b0.01 b0.01 1 1 b0.01 b0.01 461 0 0 0

Rat
InQCC 0.08 0.91 0.89 079 0.89 0.91 0.1 0.79 43 210 300 112
InVPRC 0.08 0.93 0.92 0.59 0.91 0.69 0.08 0.59 86 308 165 106
QGutC b0.01 0.02 0.02 0.17 0.02 0.2 0.02 0.17 610 35 10 10
InDRespC 0.01 0.12 0.01 0.08 0.01 0.09 0.01 0.08 514 149 1 0
VLivC 0.08 0.09 09 0.92 0.12 0.11 0.9 0.92 419 184 62 0
PBC 0.92 0.93 0.89 0.59 0.92 0.69 0.89 0.59 54 248 292 71
InKMC b0.01 0.01 0.03 0.12 b0.01 0.01 0.03 0.12 602 35 4] 0
InCIC 0.08 0.09 09 0.92 0.1 0.09 0.9 0.92 473 134 58 0
InFracOtherC 0 0 0 0 0 0 0.1 0.1 38 19 0 0
InCITCVGC b0.01 b0.01 b0.01 b0.01 0.99 0.99 b0.01 b0.01 621 2 35 0

Human
InQCC 0.14 0.8 0.81 0.8 0.8 0.8 0.19 08 2 438 4] 0
InVPRC 0.15 0.85 0.85 0.64 0.85 061 0.15 0.62 307 1097 387 24
QGutC b0.01 0.03 003 0.12 0.03 0.15 0.03 0.14 1787 28 0 0
VLivC b0.01 0.01 0.81 0.85 0.04 0.03 0.89 0.92 1117 106 592 0
VKidC b0.01 b0.01 0.17 0.13 0.02 0.01 0.09 0.07 1354 367 94 0
PBC 0.85 0.85 0.85 0.64 0.85 0.61 0.85 0.62 55 577 1109 74
InCIC 0.01 0.02 0.98 0.98 0.02 0.02 0.98 0.98 1117 0 698 0
InFracOtherC 0 0 0 0 0 0 0.1 0.1 208 601 0 0
InCIKidLivC b0.01 b0.01 0.17 0.13 b0.01 b0.01 0.09 0.07 1354 364 97 0
InCITCVGC 0.13 0.18 0.17 0.18 0.82 0.82 0.17 0.18 615 1074 126 0

Column 1: scaling parameter; columns 2-9: absolute value of sensitivity coefficient for continuous exposures at 10 ppm in air or 100 mg/kg/day oral intake, with values 20.1 in bold
(only parameters with at least one bolded value are included —see Supplementary Materials Tables $10-512 for full resuits); columns 10—13: number of calibration data points with
absolute value of sensitivity coefficient that is very low (VL: 0b|SC| £0.1), low (L. 0.1b|SC| =0.5), medium (M: 0.5b|SC| £1.0), and high (H: |SC|N1.0).

each dose metric for each route of exposure. For each parameter, the
right four columns give the number of data points (out of the entire
calibration set) which have sensitivity coefficients in the various
categories from very low to high. There are two criteria for a dose
metric to be confidently estimated: the most sensitive parameters for
a given dose metric should either (1) have strong a priori information
as to their value, or (2) have substantial data to which they are
sensitive in model fitting.

For perc in blood, by far the most sensitive parameters are the
blood-air partition coefficient, the cardiac output and alveolar
ventilation rates, parameters for which there is substantial a priori
information and for which the data are highly informative (significant
number of data points with medium or high sensitivity). Only in the
mouse and human models do perc in blood have some sensitivity to
metabolism scaling parameters (mouse: InNKMC, InCIC, and InCI20xC,
for the KM, and clearances for oxidation; humans: InCITCVGC, for the
clearance for GSH conjugation). This differential sensitivity is because
disposition is vastly dominated by exhaled breath in rats, whereas in
mice and humans, oxidative and GSH conjugation metabolism,
respectively, play a larger role.

For oxidation, additional sensitive parameters are oxidative
clearance and KM and the volume of the liver (because it is used to
scale oxidative metabolism). There is moderate sensitivity to blood
flow to the gut (portal vein), as it determines the delivery of perc to
the liver for metabolism. In humans, there is some additional
sensitivity of oxidation to kidney oxidative metabolism as well as

GSH conjugation (due to competition for substrate). While there are
little a priori data on these parameters, there are informative
calibration data. For TCA production, the sensitivity is similar to that
for oxidation, with some additional sensitivity to the fraction of
oxidation that produces something other than TCA.

For GSH conjugation, in addition to the parameters sensitive for
perc in blood, the blood flow to the gut (which determines delivery of
perc to the liver for metabolism) and the clearance for GSH
conjugation are sensitive parameters. In mice, there are no data of
more than very low sensitivity for estimating GSH conjugation,
whereasthere are more datain rats and humans. In addition, thereisa
large amount of data in humans with low sensitivity, which
collectively contribute to the weight that informs the value of the
GSH clearance parameter.

Summary evaluation of PBPK model predictions

Table 10 summarizes the PBPK model predictions and the various
measures that may contribute to the overall uncertainty in the PBPK
model predictions. Clearly, the highest confidence dose metric is the
AUC of percin blood. Asshown in Figs. 11 and 12, there is little spread
in chain-specific predictions for this dose metric. The main source of
uncertainty in this case is the residual difference between the model
predictions and the calibration and evaluation data—a factor of about
2-fold for each species. Therefore, this dose metric can be considered
reliably estimated for use in dose response analyses with the
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Table 10
Summary and evaiuation of the reliabitity of perc dose metrics.

Dose metric species Inhalation prediction Ingestion prediction

(posterior mode)® (posterior mode) ® range®

% or fold prediction Calibration

Evaluation
error (GSD)* error (GSD)?

Additional potential concerns

AUCCBId mg-i/h/day/ppm mg-i/h/day/{mg/kg/day)
Mouse 24 0.15 b10%
Rat 23 0.83 b10%
Human 20 17 b20%
FracOx % of intake % of intake
Mouse 12 35 b40%
Rat 39 8.9 b20%
Human 0.98 18 b1.5-fold
FracGSH % of intake % of intake
Mouse 0.02 0.07 ~60-fold
Rat 02 06 b30%
Human 94 18 ~3000-fold
TCASys mg/kg/day/ppm mg/kg/day/mg/kg/day
Mouse 23 0.31 b30%
Rat 0.18 0.079 b20%
Human 0.013 0.015 b40%

~2-fold ~2-fold None

~2-fold ~2-fold None

~2-fold ~2-fold None

~2-fold ~2-fold Some sensitivity to lung metabolism

~2-fold ~2-fold None

~2-fold ~3-fold Some sensitivity to fraction of oxidation to TCA
NA NA None

~2-fold NA None

~2-fold NA Calibration data cannot distinguish between modes
~2-fold ~2-fold Some sensitivity to fraction of oxidation to TCA
~2-fold ~2-fold Some sensitivity to fraction of oxidation to TCA
~2-fold ~3-fold Some sensitivity to fraction of oxidation to TCA

& Evaluated in rodents at 10 ppm in air by inhalation and 100 mg/kg/day orally, and in humans at 0.01 ppm in air by inhalation and 0.01 mg/kg/day orally.

acknowledgement of a possible 2-fold residual error. The majority of
perc absorbed is generally exhaled rather than metabolized, with
the exception of exposure via ingestion in mice in which metabolism
is slightly more than half of the total disposition. Therefore, these
predictions are not especially sensitive to metabolism parameters,
and depend mostly on physiological characteristics (such as
alveolar ventilation) and biochemical parameters (such as partition
coefficients).

Interestingly, the AUC predictions are generally consistent with
the default assumption of equivalent ppm in air leading to equiva-
lent internal doses, as the estimates of AUC of perc in blood are within
2-fold of each other across species. In addition, at the higher oral doses
(e.g., 100 mg/kg/day), re-scaling the AUC in blood by body weight to
the % power leads to estimates across species within 3-fold of each
other. These can be explained by the sensitivity analysis, which
showed AUC in blood to be most sensitive to cardiac output, alveolar
ventilation, and the partition coefficient, all of which either are similar
across species or scale approximately allometrically by body weight to
the % power across species. This is also because the majority of perc
elimination is generally via exhalation of unchanged parent com-
pound, so parameters governing metabolism, which are more variable
across species, are also less influential in determining perc AUC in
blood.

The next highest confidence is in the estimates of perc oxidation
and TCA formation (see Table 10). As was the case for AUC of perc in
blood, there is little spread in chain-specific predictions for this dose
metric (shown in Figs. 11 and 12). Here, the uncertainty in the
estimates of perc oxidation in mice and rats is predominantly from
the 2-fold residual difference between model predictions and the
calibration and evaluation data. Metabolic parameters for the
oxidative pathway are also reliably estimated in the mouse and rat.
The range in estimates of perc oxidation in humans is largely
dominated by inter-individual variability — i.e., the differences in
urinary excretion of TCA across individuals. Thus, the central
tendencies for the population are well estimated, even if particular
individuals may vary to a fair degree. In addition, there is some
sensitivity in humans to the assumptions as to the fraction of
oxidation not producing TCA (fixed at 10%), this is not likely to be
more than 2-fold unless a much larger amount of trichloroacetyl
chloride is covalently bound in humans than in rodents. However, as
discussed in the introduction and Materials and methods, it is felt that
the available data supports the model description of oxidative

metabolism resulting primarily in TCA. Thus, at the population
level, these dose metrics should be considered reliable for use in
risk assessment with the acknowledgement of a residual error of
about 2-fold or less.

In terms of predicted inter-species differences, the PBPK model
generally predicts the greatest oxidative metabolism in mice,
foliowed by rats, and then humans. Thus, humans would be
predicted to receive a smaller internal dose of oxidative metabolites
for the same applied dose, whether scaled by body weight or
allometrically by body weight to the % power. From an overall mass
balance perspective, the predicted fraction oxidized for inhalation
exposures declines from ~12% in mice, to ~4% in rats, to ~1% in
humans (see Table 10). By ingestion, the predicted progression for
oxidation is ~35% in mice, to ~9% in rats, to 2% in humans (see
Table 10). The difference between rats and humans is similar to
what would be expected from allometric scaling (factor of ~4). On
the other hand, the difference between mice and humans is greater
that the allometric expectation, consistent with the general
characteristic of mice having greater relative oxidative capacity
than humans.

Estimates of GSH conjugation appear more uncertain, especially in
humans, as shown dramatically by the large spread in predictions
across chains displayed in Figs. 11 and 12. In rats, the calibration data
suggests about a 2-fold uncertainty, with the range of different
optimizations being much smaller (see Table 10). In mice, there are no
data on this pathway other than as a “mass balance” from total
metabolism (e.g., closed chamber studies), so the uncertainty is
greater, about 60-fold (see Table 10). In humans, the predicted range
of estimates is extraordinarily large. In particular, there are evidently
two local maxima, each of which gives similar model fits, but for
which model predictions differ by 3000-fold.

In terms of overall disposition in the context of inter-species
differences, in mice and rats the evidence appears to support a low
flux of GSH conjugation, with the overall posterior mode in mice being
about 10-fold smaller than that in rats (see Table 10). However, the
uncertainty range in the mouse estimates overlaps with the rat
estimates, so the data are also consistent with mice having either
equal or greater GSH conjugation. The overall posterior mode in
humans predicts around 40-fold greater GSH conjugation as com-
pared to rats. However, the uncertainty range in humans overlaps
with the rat estimates, so the data are also consistent with humans
having either equal or greater GSH conjugation.
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Discussion
Harmonization has simultaneously “reduced” and “revealed’ uncertainty!

Prior to this analysis, there seemed to be an unresolvable conflict
between PBPK model-based analyses that predicted high versus low
amounts of perc metabolized in humans. There were strong opinions
and analyses on either side of the debate, without a clear means of
resolution. It was the key insight of the NRC (2010) review to
recommend separation of total metabolism into the oxidative and
GSH conjugation pathways that has simultaneously “reduced” and
“revealed” uncertainty in perc toxicokinetics. It has “reduced”
uncertainty in the sense that there is now fairly high confidence in
the predictions of oxidative metabolism across species. It has
“revealed” uncertainty in the sense that it has been made clear that
the previously debated uncertainties in total metabolism can be
essentially attributed to uncertainty in GSH conjugation, which is
substantial.

In this context, it is now clear why previous analyses came up
with such different conclusions. Those analyses that concluded low
total perc metabolism all restricted the fraction of total (not
oxidative) metabolism that was TCA to a fairly significant percentage
— 30 to 100% (e.g,, Chen and Blancato, 1987, Clewell et al,, 2005;
Covington et al,, 2007; Qiu et al., 2010). Thus, as was noted by the
NRC (2010), total metabolism constrained in this manner essentially
only measures oxidative metabolism. On the other hand, those
analyses that concluded high total perc metabolism essentially
lumped oxidative and GSH conjugation metabolism together
without restrictions as to the fraction producing TCA and/or made
inferences based on disappearance of the parent compound (e.g.,
Ward et al., 1988; Bois et al., 1990, 1996; Reitz et al., 1996, Chiu and
Bois, 20086). Therefore, these two groups of analyses are not actually
comparable.

Reflecting on these previous analyses also provides insight into
why the current analyses revealed two divergent estimates in
humans. In essence, the analysis suggests that once total metabolism
is decoupled from oxidation by allowing for a separate independent
pathway, the in vivo data cannot distinguish between widely
different estimates of GSH conjugation flux. First, because even in
the case of “high” GSH conjugation predictions, less than 20% is
metabolized, available parent compound data (alveolar breath and
venous blood) cannot discriminate between 20% and essentially 0%
metabolism, given the inter- and intra-individual variability in the
data. Interestingly, this same uncertainty range of 0-20% total
metabolism was noted in purely empirical analyses of alveolar
breath data by Chiu et al. (2007). Second, the only other in vivo data
informative of this pathway — urinary excretion NACTCVC - only
provides an indirect measure of the GSH conjugation flux due to its
being a product of multiple subsequent steps after perc GSH
conjugation. Thus, an additional assumption needs to be made as
to the yield of NACTCVC (as opposed to other end products — see
Fig. 1), a parameter which, when estimated statistically, is found to
be highly uncertain.

Given the uncertainties associated with the in vivo data on perc
as to the flux of GSH conjugation, another approach would be to
examine the biological plausibility of different estimates based on
in vitro data either on perc or other related compounds. Unfortu-
nately, such data are also found to have high uncertainties, even in
rodents (see Fig. 5, and section “Model parameter evaluation”).
Moreover, in humans, the only perc-specific datum is a non-detect,
with the rest of the comparison data based on related halogenated
compounds. Thus, the best that can be concluded is that the wide
range of estimates from in vitro data is consistent with the range of
estimates determined statistically from in vivo data, and that none
of estimates is necessarily implausible biologically. Additional,
more speculative, approaches to evaluate the different estimates

are discussed below in the section on potential risk assessment
implications.

Is it uncertainty or variability?

A further consideration is whether the existence of two distinct
“modes” is a reflection of true variability in the form of a bimodal
distribution for human GSH conjugation. When the true distribution
is multi-modal, fitting a unimodal distribution may only pick out one
mode. Some weak evidence for this possibility is the fact that some
individuals' data appear to be fit better using the overall posterior
mode, while others' appear to be fit better using an alternative
posterior mode with “low” GSH conjugation. Certainly, there are
numerous well-known polymorphisms in the enzyme families that
metabolize perc (Ginsberg et al, 2009a, 2009b), some of which are
also known to be multi-modal. For instance, GST-M1 and GST-T1 are
known to have a substantial fraction of the population that is
homozygous-null (Walker et al., 2009). In addition, NAT2 is known
from drug metabolism studies to have a population distribution that
is a mixture of slow and fast metabolizers (Walker et al, 2009).
These enzymes belong to families that are critical for the GSH
conjugation pathway of perc, and it is therefore certainly biologically
plausible that a multi-modal distribution for GSH conjugation exists.
Unfortunately, it is not known which particular GST(s) or NAT(s)
isozyme(s) is(are) involved in the GSH conjugation pathway of perc,
so whether a multi-modal distribution is consistent with known
polymorphisms cannot be determined. In addition, in vitro data on
TCE conjugation reported only 3- to 8-fold variation in GSH
conjugation, without evidence of a non-conjugating phenotype
(Lash et al, 1999), suggesting that uncertainty may be a greater
contribution to the overall distribution. Overall, at this point, it is not
possible to disentangle uncertainty and variability in the extent of
perc GSH conjugation in humans. However, this suggests an
additional “qualification” to the overall conclusions as to human
perc metabolism — that GSH conjugation may be highly uncertain
and/or highly variable.

Potential implications for current and future risk assessments

The results of this analysis can support the choice(s) of internal
dose metrics that may be used when conducting dose-response
analyses of perc toxicity in current and future risk assessments, both
of perc and other chemicals. Such analyses may include route-to-
route or inter-species extrapolation of toxicologically equivalent
doses, comparison of parent and metabolite toxicity based on a
common internal dose metric, and investigation of the shape of the
dose—response curve.

With respect to current efforts to assess human health risks to
perc, it appears that the harmonized PBPK model can be reliably used
to analyze dose-response data on effects related to either the parent
compound or oxidative metabolism. Thus, model performance
appears adequate, and the overall uncertainties appear to be modest
for predictions related to such dose metrics. However, any applica-
tions of estimates for the GSH conjugation pathway in dose response
analyses may involve much greater uncertainty.

Assessors conducting dose response analyses for perc health
endpoints that may be associated with GSH conjugation metabolites
need to weigh the impact of uncertainties. In some cases, the impact
may be minimal. For instance, for human route-to-route extrapola-
tion, the estimates for the ppm inhalation exposure leading to an
equivalent internal dose metric as a given oral exposure span a range
of 1.3-fold or less for any of the dose metrics evaluated. Therefore, the
sensitivity to the choice of “high” or “low” GSH conjugation estimates
is quite limited, as expected from the analysis of Chiu and White
(20086) for generic volatile organics.
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For interspecies extrapolation, the impact of the GSH conjugation
uncertainties is much greater, but some arguments couid be made in
favor of using the current model estimates of GSH metabolism. On the
one hand, it could be argued that the overall posterior mode, which
predicts high GSH conjugation in humans, may be a preferred
estimate because it has an overall better fit than the alternative
posterior modes that predict lower GSH conjugation. However, the
extent to which the overall posterior mode reflects a better fit to the
data is rather modest when viewed qualitatively. It couid also be
argued that the estimates of high GSH conjugation should be used
because they are more “conservative” and thus ensures protection of
public health, though this is more of a science policy decision than one
based on the science alone. In addition, under the hypothesis that the
“low” and “high” GSH conjugation predictions reflect human
variability, rather than uncertainty, then an argument could be
made for using the “high” GSH conjugation predictions because they
may be an accurate reflection of at least a substantial portion of the
human population. This hypothesis is biclogically plausible based on
what is known about other substrates for GSTs and NATs in the human
population, though perc-specific data supporting it are lacking. In
addition, recent human data provide support for tetrachioroethylene
nephrotoxicity (Calvert et al., 2010), providing qualitative support for
the importance of GSH conjugation pathway in humans. However, the
overall epidemiologic database is mixed. On the other hand, in rats
and mice, where GSH conjugation is better estimated, the oxidative
pathway is predominant. Thus is could be argued by analogy that in
humans, this should also be the case, lending support to the “low”
estimate of GSH conjugation.

Given the very large uncertainty in the estimates of GSH
metabolism, the statistical uncertainty in dose response analyses
would be much less if using a less specific internal dose metric that
is nonetheless still more proximate and relevant than adminis-
tered dose. That is, analyses could utilize a more reliably estimated
PBPK model-based internal dose metric in place of estimates of
GSH conjugation. Such an “intermediate” choice in this case could
be the AUC of perc in blood. From a biological perspective, because
there is limited hepatic first-pass, perc in blood is more proximate
to toxicity than administered dose, as it captures the concentration
of perc delivered to tissues. While not capturing differences in
local metabolic activation across species, this metric does account
for differences in physiological parameters and blood-air parti-
tioning. In addition, it is much more reliably estimated than the
amount GSH conjugation itself, in part because there is a signif-
icant amount of empirical data on blood perc to support the model
parameters.

It is useful to consider what additional data or analyses couid
help to better characterize the extent of GSH conjugation. In terms
of analysis, an obvious question is whether a full population
Bayesian analysis would be of benefit beyond its methodological
research value and provide a better basis for dose-response
analyses. On the one hand, it could potentially better quantify and
disaggregate the contributions of uncertainty, variability and model
misspecification to the range of estimates and residual errors
estimated here. However, such an analysis needs to be done with
care, especially if there are multiple local maxima. In addition,
given the large potential uncertainties, the extent to which the
model results depend on the choice of prior distributions would
need to be assessed. While non-informative priors could be used, it
was found by Chiu et al. (2009) that this led to too slow a rate of
convergence given currently available computation resources,
though this may be surmountable with either a combined muliti-
species approach (as was utilized by Chiu et al., 2009) or a more
efficient modern MCMC algorithm, though probably not using
MCSim. More importantly, however, it is by no means guaranteed
that such an analysis will lead to a firm conclusion as to whether
the presence of “high” and “low” GSH conjugation predictions

reflect predominantly uncertainty or variability, nor whether one or
the other set of predictions will be substantially more favored. The
decision, then, rests on whether the uncertain value-added of such
an analysis is considered worth the time and effort to attempt it. On
balance, it does not appear that development of a full population
Bayesian analysis of these data would either adequately repay the
very substantial time and resource commitment that would be
required, or, in the end, would substantially improve the scientific
basis for perc dose-response analyses used in current risk assess-
ment efforts.

A more fruitful line of inquiry may be whether additional data
could be coliected to substantially better characterize the GSH
conjugation pathway. Human in vivo data would be ideal, but this
may require development of reliable human Kinetic biomarkers for
this pathway. For TCE, there was one study that measured the
primary GSH conjugate, DCVG, in blood (Lash et al., 1999), though
some have questioned the reliability of those measurements
(Dekant, 2010). Nonetheless, unequivocal measurement of TCVG in
blood following perc exposure would provide highly informative
data from which to estimate GSH conjugation. TCVC in blood could
also be informative, though it is not clear how much would be
expected to be systemically available because it is largely formed in
the kidney, where it may be immediately processed to downstream
metabolites. Also potentially informative would be better total mass
balance data in humans, particularly if augmented by blood and
urine measurements GSH conjugation products. Another possibility
would be more reliable in vitro measurements of GSH conjugation
metabolism, particularly at low concentrations where the clearance
rate could be estimated. However, some calibration of the in vitro-to-
in vivo extrapolation would be necessary. ldentification of which GST
isozymes are involved in perc GSH conjugation and with NAT
isozymes are involved in N-acetylation of TCVC may also facilitate
both in vitro and in vivo studies, and provide a basis for
hypothesizing what extents of inter-species differences and human
variability are biologically plausible. Overall, however, it is likely that
data generation along any of these lines would involve significant
experimental challenges and require several years; thus while such
work might provide valuable input for future risk assessment efforts,
it would not be available meet near-term needs.

A few comments are warranted on the approaches utilized in this
analysis, and their potential utility in analyses supporting risk
assessments other than perc. As was discussed in Chiu et al. (2008),
it is important that analyses done for risk assessments — particularly
ones using complex models and large datasets — be highly
transparent and objective. To this end, this paper has attempted to
fully document the PBPK model, its parameters, data, and assump-
tions. In addition, a clear separation was maintained between
“pbaseline” parameter estimates derived from a priori information,
and “calibrated” parameter estimates obtained by fitting to in vivo
data. While this separation is technically important for Bayesian
analysis so as to maintain its mathematical and statistical validity, it
also has benefits in terms of transparency and objectivity for less
involved analyses. Another approach which may merit broader
application is the use of more limited Bayesian analysis using flat
priors, which provides a useful and more flexible method for
parameter optimization and assessing parameter uncertainty as
compared to approaches that have been typically used. While the
approach described here is somewhat more involved than “tradi-
tional” optimization, it requires a much lower level of effort than a
full hierarchical population-based Bayesian analysis while at the
same time retaining some of the benefits.

Summary conclusions

In sum, the paper reports on the development of a “harmonized”
PBPK model for perc toxicokinetic in mice, rats, and humans that
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includes both oxidation and GSH conjugation of perc, the internal
kinetics of the metabolite TCA, and the urinary excretion kinetics of
the metabolites NACTCVC and DCA. The model is calibrated or
evaluated against the available in vivo toxicokinetic data, utilizing a
wider range of data than any previous analysis alone. Upon
evaluation, dose metrics related to perc in blood, perc oxidation,
and TCA production are considered reliable for dose—response
analyses in all three species, while there are substantial un-
certainties in the amount of GSH conjugation in humans and
mice. In addition, the disposition of perc is largely by exhalation of
the parent compound, with the exception of low (=10 mg/kg day)
oral doses in mice at which up to 56% is metabolized. This analysis
appears to reconcile the disparity between those previously
published analyses that concluded ~1% perc metabolism in humans
and those that predicted N20% perc metabolism in humans. In
essence, both conclusions are consistent with the data if augmented
by some additional qualifications: oxidative metabolism is low in
humans, while GSH conjugation metabolism may be high or low in
humans, with high uncertainty and/or variability. Clearly, more
direct data would be needed to better quantify GSH conjugation in
humans.
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Appendix A. PBPK model equations and baseline parameters

The equations below, along with the parameters in Table A1,
specify the PBPK model. The same equations are in the PBPK model
code, with some additional provisions for unit conversions (e.g., ppm
to mg/L) or numerical stability (e.g., truncating small valuesat 10~ '5,

so states are never negative).

Perc sub-model

Gas exchange, respiratory metabolism, arterial blood concentration, and
closed chamber concentrations

The respiratory tract model is the same as that used by Evans et al.
(2009) and Chiu et al. (2009). For an open chamber concentration of
Conc and a closed chamber concentration of ACh/VCh, the rates of
change for the amount in the respiratory lumen during inhalation
(AlnhResp, in mg), the amount in the respiratory tract tissue (AResp,

in mg), and the respiratory lumen during exhalation (AExhResp, in
mg), are given by:

ddAInhRespb=dt = 8QM *Cinh + DResp?8CResp — CinhRespe- QM CinhResph

ddARespb=dt = 8DResp 8CInhResp + CExhResp - 21CRespb-RAMetLngP

ddARespb=dt = 8DResp18CInhResp + CExhResp — 27CRespb— RAMetLngP

dBAEXhRespb=dt = 6QM76CInhResp - CExhRespP + QP18Cart_tmp=PB - CinhResgpP
+ DResp8Cresp —CExhResptp

where

Cinh = inhaled concentration (mg/L) = ACh/VCh + Conc
QM = minute volume (L/h) =QP/0.7
CinhResp = concentration in respiratory lumen during inhalation
(mg/L) = AlnhResp/VRespLum
CResp = concentration in respiratory tract tissue (mg/L)
= AResp/VRespEff

CExhResp = concentration in respiratory lumen during exhalation
(mg/L) = AExhResp/VRespLum
RAMetlLng = rate of metabolism in respiratory tract tissue

= (VMaxClara 1 CResp)/ (KMClara + CResp)
CArt_tmp = arterial blood concentration after gas exchange

= (QC71CVen + QP 1CInhResp)/ (QC + (QP/PB))

Because alveolar breath concentrations may include desorption
from the respiratory tract tissue, the concentration at the alveolae
(CArt_tmp/PB) may not equal the measured concentration in end-
exhaled breath. It is therefore assumed that the ratio of the measured
end-exhaled breath concentration to the concentration in the absence
of desorption is the same as the ratio of the rate of perc leaving the
lumen to the rate of perc entering the lumen:

CAlv=3a&Cart_tmp=PBb = 8QM1CMixExhp
L f8QP1 Cart_tmp=PB + 6QM — QP71 CinhResphg

That is, it is assumed that desorption occurs proportionally
throughout the “breath.” The concentration of arterial blood entering
circulation needs to add the contribution from the intra-arterial dose
(IADose in mg/kg, infused over a time period TChng):

CArt = CArt_tmp + klIA=QC
kiA = 8lADose1 BWP=TChng

For closed chamber experiments, the additional differential
equation for the amount in the chamber (ACh, in mg) is

ddAChb=dt = Rodents18QM1CMixExh - QM1ACh=VChb- kLossTAch

where Rodents is the number of animals in the chamber, and kLoss is
the chamber loss rate (per h).

Oral absorption to gut compartment

For oil gavage, the dose PDose is defined in terms of units of mg/kg,
entering the stomach during a time TChng, with rates of change in the
stomach (AStom, in mg) and duodenum (ADuod, in mg):

déAStomp=dt = kStom - AStom 7 6kAS + KTSDP
ddADuodP=dt = 6kTSD1 AStompb-kAD 7 ADoud

where

kStom = rate of perc entering stomachdmg=hp = 8PDose1 BWP=TChng

Note that there is absorption to the gut from both the stomach and
duodenal compartments, as was assumed for TCE (Evans et al., 2009;
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Chiu et al., 2009). For aqueous gavage, the dose PDoseAq is similarly
defined, with rates of change in the stomach (AStomAg, in mg) and
duodenum (ADuodAgq, in mg):

dBAStomAgP=dtp = AStomAq - AStomAqT18kASAq + kTSDAdP
dt8ADoudAgp = 3kTSDAG1 AStomAgp - kADAG1 AdouAq

where

kStomAg = rate of perc entering stomachdmg=hb = &PDoseAq1 BWP=TChng

For drinking water, the rate Drink is defined in terms of mg/kg/day,
and it is assumed that absorption is direct to the gut:

kDrink = 8Drink 1 BWb=24:0

Therefore, the total rate of absorption to the gut via oral exposure
(RAO, in mg/h) is:

RAO = kDrink + 6kAS1 AStomb + 8kAD 1 ADoudb + 6kASAq 1 AStomAgP
+ 8kADAqG 1 ADoudAgP

The differential equation for the gut compartment (AGut, in mg) is
therefore given by

doAGutb=dt = QGut18CArt -CVGutb + RAO
where

CVGut = concentration in the gutdmg=Lb = AGut=VGut=PGut

Non-metabolizing tissues

The differential equations for non-metabolizing tissues (rapidly
perfused, ARap, in mg; slowly perfused, ASlw, in mg; and fat, AFat, in
mg) follow the standard flow-limited form:

ddARapb=dt = Qrap 7 &CArt - CVRapb
déASIwp=dt = QSlw 18CArt - CVSIwp
déAFatb=dt = QFat18CArt - CVFatp

where

CVRap = venous blood concentration leaving rapidly perfused
issues = ARap/VRap/PRap

CVSlw = venous blood concentration leaving slowly perfused
issues = ASIw/VSIw/PSIw

CVFat = venous blood concentration leaving fat = AFat/VFat/Prat

Liver compartment
The liver has two metabolizing pathways. The oxidative pathway
is assumed to be described by two saturable pathways:

RAMetLiv1 = Rate of PERC oxidation by P450 in liverdmg=hb
8VMax 1 CVLivb=8KM + CVLivb + 8VMax21 CVLivP
LBKM2 + CVLivP

The second pathway is identifiable in mice, so is omitted in rats
and humans. Moreover, only the linear term is identifiable in mice, so
only the ratio VMax2/KM2 is optimized.

RAMetLiv2 = Rate of PERC metabolized to TCVG in liverdmg=hb
VMaxTCVG1 CVLivb=8KMTCVG + CLivb

In all three species, only the linear term is identifiable, so only the
ratio VMaxTCVG/KMTCVG is optimized.

The differential equation for perc in liver (ALiv, in mg) is thus:

déALivb=dt = &QLiv18CArt - CVLiviP + 8QGut18CVGut - CVLiviP
-RAMetLiv1 -RAMetLiv2

where

CVLiv = venous blood concentration leaving liver = ALiv=VLiv=PLiv

Kidney compartment
The kidney also has two metabolizing pathways:

RAMetKid1 = Rate of PERC oxidized in kidney (mg/h)
= (VMaxKid 1 CVKid)/ (KMKid + CVKid)

RAMetKid2 = Rate of PERC metabolized to TCVG in kidney (mg/h)
= (VMaxKidTCVG1 CVKid)/ (KMKidTCVG + CVKid)

The differential equation for perc in kidney (AKid, in mg) is thus:
dBAKidP=dt = &QKid 1 8CArt - CVKidP - RAMetKid1 - RAMetKid2

where
CVKid = venous blood concentration leaving kidney = CKid=PKid

Venous blood compartment

The venous blood compartment (ABId, in mg) has inputs both
from the venous blood exiting tissues as well as from an IV dose
(IVDose in mg/kg infused during a time TChng), and output to the gas
exchange region.

ddABldP=dt = 8QFat1 CVFat + QGutLiv1CVLiv + QSIw 1CVSIw
+ QRap1CVRap + QKid1 CVKide + kIV-CVen1QC

where

kIV = IV infusion rate = (IVDose 1 BW)/TChng
CVen = concentration in mixed venous blood = ABId/VBId

TCA sub-model

The TCA sub-model is the same as that in Hack et al. (2006), Evans
etal. (2009),and Chiu et al. (2009). In brief, TCA in plasma is assumed
to undergo saturable plasma protein binding. TCA in tissues is
assumed to be flow-limited, but with the tissue partition coefficient
reflecting equilibrium with the free concentration of TCA in plasma.

Plasma binding and concentrations

For an IV dose of TCA given by IVDoseTCA (mg/kg during an
infusion period of TChng), the rate of the change of the amount of total
TCA in plasma (APlasTCA, in mg) is

dBAPlasTCAP=dt = KIVTCA + &QBodPlas1 CVBodTCAP
+ 8QG 1 CVLivPlasb-8QCPlas 1 CPasTCAP
- RUrnTCAplas

where

KIVTCA = rate of IV infusion of TCA = (IVDoseTCA 1 BW)/TChng
QBodPlas = plasma flow from body = QBod 7 FracPlas
QGutLivPlas = plasma flow from liver = (QGut + QLiv) 7 FracPlas
CVBodTCA = venous concentration ieaving body

= CPlasTCABnd + CVBodTCAFree
CVBodTCAFree = free venous concentration leaving body

= (ABodTCA/VBod/PBodTCA)

CVLIVTCA = venous concentration leaving liver

= CPlasTCABnd + CVLivTCAFree
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CVLiVTCAFree = free venous concentration leaving liver
= (ALiVTCA/VLIV/PLIVTCA)

QCPlas = total plasma flow =QC 1 FracPlas

RUrnTCAplas = rate of urinary excretion of TCA from plasma
=kUrnTCA 1 APlasTCAFree

The free (CPlasTCAFree) and bound (CPlasTCABNd) concentrations
are calculated from the total concentration (CPlasTCA = APlasTCA/
VPlas) by solving the equations:

CPiasTCABndMole = BMax1CPlasTCAFreeMole=08kDissoc + CPlasTCAFreeMoldd
CPlasTCABndMole = CPlasTCAMole — CPlasTCAFreeMoie

Here the suffix “Mole” means that all concentrations are in
micromole/L, because BMax and kDissoc in Table A1 are given in those
units. These lead to explicit solutions of

CPlasTCAFreeMole = &sqrtdaia + bb-ab=2

a = kDissoc + BMax - CPlasTCAMole

b =4.0 1 kDissoc 1 CPlasTCAMole

CPlasTCABndMole = bound concentration of TCA = CPlasTCAMole
- CPlasTCAFreeMole

These concentrations are converted to mg/L (CPlasTCABnd and
CPlasTCAFree) by muitiplying by the molecular weight in mg/gmol.
The amount of free TCA in plasma is thus

APlasTCAFree = CPlasTCAFreel VPlas

Body compartment
The rate of change for the amount of TCA in the body (ABodTCA, in
mg) is given by

dBABodTCAbP=dt = QBodPlas18CPlasTCAFree- CBodTCAFred
+ StochTCAPERC 81 - FracOtheb1 RAMetlLng
+ StochTCAPERC1 81 - FracOthep
x81 - FracKidTCA>7 RAMetKid1

The first term reflects the free TCA in plasmaflowing into and out of
the body compartment,the second term reflects the production of TCA
from lung metabolism, and the third term reflects production of TCA
from kidney metabolism. Lung and kidney metabolism is adjusted for
molecular weightsand production of oxidative metabolitesother than
TCA. Kidney metabolism is further adjusted for direct excretion of TCA
after production in the kidney, without entering systemiccirculation.

Liver compartment
Therateofchangefortheamountof TCAin theliver (ALIiVTCA,in mg)
is given by

dBALIVTCAb=dt = QGutLivPlas18CPlasTCAfree— CVLiVTCAFreed
+ &1 —FracOtheib1 StochTCAPERCTRAMetLivib
- RAMetTCA + kPOTCA

The first term reflects the free TCA in plasma flowing into and out
of the liver compartment, the second term reflects production of TCA
from liver metabolism of perc, the third term reflect other clearance of
TCA from the liver, and the fourth term reflects absorption from
the stomach of TCA. The contribution from liver metabolism of perc
is adjusted for molecular weights and production of oxidative
metabolites other than TCA. The rate of clearance of TCA is given by

RAMetTCA = kMetTCA1ALIVTICA

The oral intake rate of TCA (mg/h) includes a one compartment
stomach. So for an oral dose of PODoseTCA (in mg/kg), occurring over
a time TChng, the rate of change of TCA in the stomach (AStomTCA, in
mg) is given by:

dBAStomTCAP=dt = KStomTCA - AStomTCA1 KASTCA
kStomTCA = rate of input into stomach = 8ODoseTCA1BWP=Tchng

The rate of absorption into the liver is thus

kPOTTCA = AStomTCA1 KASTCA

Total urinary excretion of TCA

Totalurinary excretionof TCA includesboth TCAclearedfrom plasma
as well as “direct” excretion from TCA produced from Kidney metabolism
of perc. The rate of change of TCA in urine (AUrnTCA, in mg) is thus

dBAUrnTCAb=dt = RUrnTCA
RUrnTCA = RUrnTCAplas + StochTCAPERC181 - FracOtheb

xFracKidTCAT1 RametKid1

The first term was defined above in the plasma compartment. The
second term is the contribution from kidney metabolism of perc.

For some human data (Chiu et al., 2007), urinary excretion was
only collected during certain time periods, with data missing in other
time periods. Thus, a switch UrnMissing was defined which equals
0 during times of urine collection, and 1 when urinary data are
missing. The total amount of urinary TCA “coliected” (AUrnTCA_col-
lect, in mg) is thus given by

dBAUrnTCA collectb=dt = 81 - UrnMissing>1 RUrnTCA

GSH conjugation sub-model

The GSH conjugationsub-model only tracks the urinary excretion of
NACTCVCand DCA, with an intermediary delay compartment.The rate
of change for NACTCVCin the “delay compartment” (ANTCVC, in mg) is:

dBANTCVCP=dt = RAMetLiv2 + RAMetKid21FracNATUrn
4 StochTCVPERCT StochN - RUrnNTCVC

The first term is the contributions from liver and kidney GSH
conjugation, adjusted for fraction of GSH conjugation producing
NACTCVC and for molecular weights, the second term is the urinary
excretion of NACTCVC:

RUrnNTCVC = rate of urinary excretion of NACTCVG3mg=hb = ANTCVCT kNAT

For the amount of NACTCVC appearing in urine (AUrnNTCVC, in
mg), the rate of change is

ddAUrnNTCVCP=dt = RUrnNTCVC

The rates of change for DCA in the delay compartment (ADCA, in
mg) and appearing in urine (AUrnDCA, in mg) are similarly:

dBADCAP=dt = 8RAMetLiv2 + RAMetKid2b
xFracDCAUrn1 StochTCVPERC StochDCATCVC
-RUrnDCA
xdBAUrnDCAb=dt = RUrnDCA

RUrnDCA = rate of urinary excretion of DCA (mg/h) = ADCA 1 kDCA
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Table A1

PBPK model baseline parameters.

Parameter Description (units) Formula Baseline value Description Mouse Rat Human F/M Scaling parameter Sources(s)
or parameter
Qc Cardiac output (L/h) QC=QCC o xexp(InQCC) xBW 078 QCCo Cardiac Output allometrically scaled 116 133 16/16 InQCC a,b
QP Alveolar ventilation (L/h) QP =QCxVPR gxexp(inVPR) VPR Ventilation-perfusion ratic 25 19 0.96/0.96 InVPRC a, b,
Optimized
QFat Blood flow to fat (L/h) QFat =QCxQFatC ¢x QFatC QFatGy Fraction of blood flow to fat 0.07 0.07 0.085/0.05 QFatC a, b
QGut Blood flow to gut (L/h) QGut = QCxQGUIC ¢ xQGutC QGutCy Fraction of blood flow to gut 0.141 0.153 0.21/0.19 QGutC a, b
QLiv Hepatic artery blood flow QLiv=QCxQLIVC ¢xQLIVC QGutCy Fraction of blood flow to hepatic 0.02 0.021 0.065/0.065 QLIvVC a,b
(L/h) artery
CSlw Blood flow to slowly QSlw = QCxQSIWC ¢ xQSIwC QsiwG Fraction of blood flow to slowly 0217 0.336 0.17/0.22 CsiwC a, b
perfused tissues (L/h) perfused tissues
QKid Blood flow to kidney (L/h) QKid =QCxQKidC ¢ xQKidC QKidGCy Fraction of blood flow to kidney 0.091 0.141 0.17/0.19 QKidC a, b
CRap Blood flow to rapidly perfused QRap=QC - (QFat+QGut+QLiv+ - - - - - -
tissues (L/h) QSlw +QKid)
DResp Diffusionclearancerate (L/h) DResp = QPxexp(InDRespC) - - - - - InDRespC c
FracPlas Fraction of blood that is FracPlas =FracPlas g xFracPlasC FracPlasy Fraction of blood that is plasma 0.52 0.53 0.615/0.567 FracPlasC b,¢c, d
plasma
VFat Volume of fat (L) VFat = BWxVFatC ¢ xVFatC VFatCy Fraction of body weight that is fat 0.07 0.07 0.317/0.199 VFatC ab
VGut Volume of gut (L) VGut =BWxVGutC ¢ xVGutC VGutGy Fraction of body weight that is gut 0.049 0.032 0.022/0.02 VGutC ab
VLiv Volume of liver (L) VLiv=BWxVLIVC gxVLIVC VLIVGy Fraction of body weight that is liver  0.055 0.034 0.023/0.025 VLIVC a,b
VRap Volume of rapidly perfused VRap = BWxVRapC ¢ xVRapC VRapGCy Fraction of body weight that is 0.1 0.088 0.093/0.088 VRapC , b
tissues (L) rapidly perfused
VRespLum Volume of respiratory tract VRespLum =BWxVRespLumC ¢ x VRespLumGCy Respiratory lumen volume as 0.004667 0.004667 0.002386/0.002386 VRespLumC e
lumen (L) VRespLumC fraction body weight
VResp Volume of respiratory tract VResp = BWxVRespC ¢ xVRespC VRespCqy Fraction of body weight that is 0.0007 0.0005 0.00018/0.00018 VRespC a b, e
tissue (L) respiratory tract
VKid Volume of kidney (L) VKid = BWxVKidC ¢ xVKidC VKidGCy Fraction of body weight that is 0.017 0.007 0.0046/0.0043 VKidC a, b,
kidney
VBId Volume of blood (L) VBId =BWxVBIdC oxVBIdC VBIdGqy Fraction of body weight that is blood 0.049 0.074 0.068/0.077 VBIdC a, b,
VSiw Volume of slowly perfused VSlw =BWxVperfC o — (VFat +VGut +  VperfCqy Fraction of body weight that is blood 0.8897 0.8995 0.85778/0.8560 -
tissue (L) Viiv +VRap + VResp + VKid + VBId) perfused
PB Perc blood-air PC PB=PB¢xPBC PBg Perc blood-air PC 186 151 147 PBC f
Prat Perc fat-blood PC Prat = (PFatC ¢/PB) xPFatC PFatCy Perc fat-air FC 15108 14893 1450.0 PFatC f
PGut Perc gut-blood PC PGut = (PGutC /PB)xexp(InPGutC) PGutCy Perc gut-air PC 621 406 59.9 InPGutC f
PLiv Perc liver—blood PC PLiv = (PLiVC ¢ /PB) xexp(InPLIVC) PLIVGy Perc tiver—air PC 488 503 611 InPLIVC f
PRap Perc rapidly perfused-blocd PRap = (PRapC ¢ /PB)xexp(inPRapC) PRapCq Perc rapidly perfused-air PC 62.1 404 59.9 InPRapC f
PC
PResp Perc respiratory tract PResp = (PrespC o /PB)xexp(inPRespC)  PRespCqy Perc respiratory tract-air PC 791 327 58.6 InPRespC f
tissue—blood PC
PKid Perc kidney—blood PC PKid = (PKidC 5 /PB) xexp(InPKidC) PKidCqy Perc kidney—air PC 791 327 58.6 InPKidC f
PStw Perc slowly perfused-blood PSlw = (PSIwC ¢ /PB) xexp(InPSIwC) PSIwCy Perc slowly perfused-air PC 791 216 705 InPSIwC f
PC
TCAPlas TCA blood-plasma TCAPlas = FracPlas + (1 PRBCPlasTCAg TCA red blood cell-plasma partition 05 05 0.5/05 InPRBCPlasTCAC ¢, g
concentration ratio — FracPlas) x PRBCPiasTCA g x coefficient
exp(InPRBCPIasTCAC)
PBodTCA Free TCA body-plasma PC PBodTCA = TCAPlasxPBodTCAC gxexp  PBodTCAC, Free TCA body-blood PC 0.88 0.88 0.52 InPBodTCAC ¢ h
(InPBodTCAC)
PLIVICA Free TCA liver—plasma PC PLIVTCA = TCAPlasxPLIVICAC ¢x PLIVICAG, Free TCA liver-blood PC 118 1.18 0.66 InPLIVTICAC ¢, h
exp(InPLIVTCAC)
kDissoc Protein TCA dissociation kDissoc = kDissoc g x kDissocg Protein TCA disscciation constant 107 275 182 InkDissocC c, i
constant (microM) exp(inkDissocC) {microM)
BMax Protein concentration BMax =BMaxkD g xkDissocx BMaxkDg BMax/kDissoc ratio 0.88 122 462 InBMaxkDC c, i

(microM)

exp(inBMaxkDC)

(continued on next page)
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Table A1 (continued)

Parameter Description (units) Formula Baseline value Description Mouse Rat Human F/M Scaling parameter Sources(s)

or parameter

kTSD Perc oil gavage stomach— kTSD =exp(InkTSD) 14 - - - - InkTSD Optimized
duodenum transfer in mouse and
coefficient (/h) rat

kKAS Perc oil gavage stomach- kAS=exp(InkAS) 14 - - - - InkAS Optimized in
absorption coefficient (/h) mouse and

rat

kKAD Perc oil gavage duodenum- kAD =exp(inkAD) 0.75 - - - - InkAD Optimized in
absorption coefficient (/h) mouse and

rat

kTSDAq Perc aqueous gavage stomach-  kTSDAg = exp(InkTSDAqQ) 14 - - - - InkTSDAq Optimized in
duodenum transfer mouse and
coefficient (/h) rat

kASAq Perc aqueous gavage kASAqQ =exp(InkASAqQ) 14 - - - - InKASAq Optimized in
stomach-absorption mouse and
coefficient (/h) rat

kADAq Perc aqueous gavage kADAq =exp(inkADAq) 0.75 - - - - InkADAq Optimized in
duodenum-absorption mouse and
coefficient (/h) rat

KASTCA TCA stomach absorption KASTCA = exp(InkASTCA) 0.75 - - - - INKASTCA -
coefficient (/h)

KM KM for first perc hepatic KM =KM g xexp(inKMC) KMg KM for perc hepatic oxidation 886 697 558 InKMC See text;
oxidation pathway (mg/L {mg/L blood) Optimized
biood)

VMax VMax for first perc VMax = KMxCIC g xVLivxexp(inCIC) CiCo VMax/KM per kg liver for perc 157 0.36 0.202 InCiC See text;
hepatic oxidation pathway hepatic oxidation (L blood/h/kg Optimized
(mg/h) liver)

KM2 KM for second perc hepatic KM2 = KMxexp(inKM2C) - INKM2C (in of ratio  See text;
oxidation pathway (mg/L to first pathway KM) Optimized
biood)

VMax2 VMax for second perc VMax2 =KM2x (VMax/KM)exp - Scaled to first pathway Clearance InCIC20xC (in of See text;
hepatic oxidation pathway (InCl20xC) ratio to first pathway Optimized
{(mg/h) clearance)

FracOther Fraction of perc oxidation FracOther =exp(inFracOtherC)/ 0.1 - - - - InFracOtherC See text
not to TCA (1 +exp(inFracOtherC))

KMKid KM for perc renal oxidation KMKid = KMxKMKidLiv g xexp KMKidLivg Ratio of kidney to liver oxidation 0616 153 1.04 InKMKidLivC See text;
(mg/L blood) (InKMKidLivC) KM in blood Optimized in

humans

VMaxKid VMax for perc renat VMaxKid = (VMax/KM)x (VKid/ CiIKidLivg Ratio of kidney to liver oxidation 0.0211 0.0085 0.0125 InCIKidLivC See text;
oxidation (mg/h) VLiv)xKMKidxCIKidLiv gx VMax/KM per kg tissue (mg/h/kg Optimized in

exp(InCIKidLivC) per mg/h/kg) humans

FracKidTCA Fraction of renal TCA FracKidTCA = exp(inFracKidTCAC)/ 05 - - - - InFracKidTCAC See text

production going directly to
urine

(1 +exp(inFracKidTCAC))
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KMClara

VMaxClara

VMaxTCVG

KMTCVG

VMaxKidTCVG

KMKidTCVG

kUrnTCA

kMetTCA

FracNATUrn

FracDCAUrn

KNAT

kDCA

KM for perc lung oxidation
(mg/L air)

VMax for perc lung
oxidation {mg/h)

VMax for perc hepatic GSH
conjugation (mg/h)

KM for perc hepatic GSH
conjugation (mg/L blood)
VMax for perc renal GSH
conjugation (mg/h)

KM for perc renal GSH
conjugation (mg/L blood)

Rate constant for TCA
excretion to urine (/h)

Rate constant for other
TCA clearance (/h)

Fraction of GSH conjugation
to urinary NACTCVC

Fraction of GSH conjugation to

urinary DCA

Rate constant for urinary
excretion of DCA (/h)

Rate constant for urinary
excretion of NACTCVC (/h)

KMClara=KMxPLivxKMRespLiv gx
exp{inKMRespLivC)/(PBxPResp)
VMaxClara=VMaxxVMaxLungLiv g x
exp(inVMaxLungLivC)

VMaxTCVG =VMaxTCVG g xVLivxexp
(InVMaxTCVGC)

KM = VMaxTCVG/(CITCVG g x
exp(InCITCVGC)

VMaxKidTCVG = (VMaxTCVG/

VLivx VKidxVMaxKidLivICVG g x
exp(inVMaxKidLivICVGC)

KMKid = VMaxKidTCVG/
(VMaxTCVG/KMTCVG/
VLivxVKidxCIKidLivICVG g x
exp(InCIKidLivICVGC)
kUrnTCA=GFR BWexp
(InkUrnTCAC) xexp(InkTotTCAC)x
BW/VPlas

KMetTCA =BW ~* xexp
(InkMetTCAC) xexp(InkTotTCAC)
FracNATUrn =exp(inFracNATUrnC)/(1
+exp(inFracNATUrnC))

FracDCAUrn = (1 - FracNATUrn)x
exp(inFracDCAUrnC)/(1+
exp(inFracDCAUrnC))

KNAT =BW ~* xexp(InkNATC)

KDCA =BW ~% xexp(InkDCAC)

KMRespLivp
VMaxLungLivg
VMaxTCVGgy
CITCVGy

VMaxKidLivICVGy

CIKidLivICVGg

GFR_BW

Ratio of lung to liver KM in tissue
(mg/L per mg/L)

Ratio of lung to liver total VMax
{(mg/h per mg/h)

VMax per kg tiver for perc GSH
conjugation (L btood/h/kg liver)
VMax/KM for perc hepatic GSH
conjugation (L blood/h)

Ratio of kidney to liver GSH
conjugation VMax per kg tissue
(mg/h/kg per mg/h/kg)

Ratio of kidney to liver GSH
conjugation VMax/KM per kg tissue
(L/h/kg per L/h/kg)

Glomerular filtration rate per kg
body weight (L/h/kg)

353

0.656

0.15

0.24

0.6

0.0144

939

2218

0.15

0.098

0.522

0.0138/0.0128

0.665

0.0196

0.15

0.14

0.108

InKMRespLivC See text
InVMaxLungLivC See text
INVMaxTCVGC See text;
Optimized
InCITCVGC See text;
Optimized
INVMaxKidLivICVGC  See text;
InCIKidLivTCVGC See text;
InkUrnTCAC c,j
InkMetTCAC c
InFracNATUrnC Optimized in
rat and
human
InFracDCAUrnC Optimized in
rat and
human
INkNATC Optimized in
rat and
human
InkDCAC Optimized in
rat

cBrown et al (1987).

T ICRP (2002).

- Measurements in control F344 rats and B6C3F1 mice at 19 weeks of age from Hejtmancik et al. (2002).
. Sarangapani et al. (2003).

- In mice, blood—air from Gargas et al. (1989), Reitz et al. (1996), Gearhart et al. (1993); liver, kidney, and muscle (slowly perfused) from Gearhartet al. (1983); gut, rapidly perfused used geometric mean of kidney and liver; respiratory tract
used kidney. In rats, blood—-air, fat, liver, muscle (slowly perfused) from Gargas et al. (1989), Koizumi (1988), and Mahle et al. (2007); kidney and brain (rapidly perfused) used Mahie et al. (2007); gut used geometric mean of kidney and liver;
respiratory tract used kidney. in humans, blood—air from Gargas et al. (1988),Sato and Nakajima (1979), Koizumi (1889), Gearhartet al. (1983), Mahleet al. (2007), Mahleet al. (2007), and Fisher et al. (1887); kidney, liver,and muscle (slowly

E)
b
¢: Posterior mean from Chiu et al. (2009).
d
e
f

perfused) used Gearhart et al. (1893); gut and rapidly perfused used geometric mean of kidney and liver, and respiratory tract used kidney.
g: Baseline corresponds to Blood/Plasma concentration ratio of 0.76 measured in rats from Schultz et al. (1999).

h: Abbas and Fisher (1997); Fisher et al. (1998).

i: Geometric mean of Lumpkin et al. (2003), Schultz et al. (1999), Templin et al. (1993, 1995); and Yu et al. (2000).
j: Clearance based on glomerular filtration rates across species from Lin (1985).
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The rate of production of “other” products of GSH conjugation
(AGSHOther, in mg perc equivalents) is

dBAGSHOtheb=dt = dRAMetLiv2 + RAMetKid2>
x &1 — FracNATUrn — FracDCAUrnb

Appendix B. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.taap.2011.03.020.
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Table S-1. Reported conversion factors for in vitro data.

Reference Species Tissue TP MSP CSP Cell
(mg/q) (mg/g) (mg/q) (10°g)

Barter et al. (2007) Human Liver 32 99
weighted mean

Knaak et al. (1993) Human  Liver 131 9

Sohlenius-Sternbeck (2006) Human  Liver 90 139

Barter et al. (2007) review Rat Liver
Pelkonen et al. (1973) 40 -
Selgen (1973) - 128
Zahlten & Stratman (1974) - 98, 120
Joly et al. (1975) 45 -
Baarnhielm et al. (1986) 54 -
Chiba et al. (1990) 36 -
Carlile et al. (1999) 60 97
Griffiths et al. (2005)* 62 167

Prasanna et al. (1989) Rat Liver 203 22 78

van Bree et al. (1990) Rat Liver 34.7

Brown et al. (1996) Rat Liver 30 95

Sohlenius-Sternbeck (2006) Rat Liver 112 117

Ekins et al. (1995) Rat Liver 117

Kedderis et al. (1995) Rat Liver 15.4 87.5

Knaak et al. (1993) Rat Liver 164 59

Bong et al. (1985) Rat Liver 161 34

Rat Geometric Mean 157 38 87 119

Sohlenius-Sternbeck (2006) Mouse Liver 115 135

Bong et al. (1985) Rat Kidney 102 16

| Nyengaard et al. (1993) | Rat | Kidney | | | | 126
Notes:

Rows in bold are summaries statistics (as indicated) across multiple studies.
TP = total protein content (mg/g tissue)

MSP = microsomal protein content (mg/g tissue)

CSP = cytosolic protein content (mg/g tissue)

Cell = cellularity (10° cells/g tissue)

* Qriffiths et al. (2005) as cited in Barter et al. (2007) could not be located.
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Table S-2. Baseline perc metabolism PBPK parameter values derived from in vitro data

In vitro baseline values

PBPK model baseline values®

Metabolism parameter | Abbreviation M R H Units (see text) M R H Units
(abbreviation)

Kw for hepatic Perc KmnC 1.4 1.4 1.4 mM liver 88.6 69.7 55.8 mg/L blood®
oxidation

Vuax/Ku for hepatic Perc CiC 10 1.8 0.81 nmol/min/g liver/mM 1.57 0.360 | 0.202 | L blood/hr/kg fiver™®
oxidation

Ratio of renal to hepatic Ky | KuKidLivC 1 1 1 (mM kidney)/(mM liver) 0.616 |[1.53 1.04 (mg/L blood kldnedy)/
for Perc oxidation (mg/L blood liver)
Ratio of renal to hepatic CIKidLivC 0.013 [0.013 [0.013 [ (nmol/min/g kidney/mM)/ 0.0211 [ 0.0085 [ 0.0125 | (L/hr/kg kidney)/
Vmax/Kwu for Perc oxidation (nmol/min/g liver/mM) (L/hr/kg liver) ©°
Ratio of lung to hepatic Vmax | VmaxLungLivC 0.55 0.098 |0.046 | (nmol/min/g lung)/ 0.55 0.098 | 0.046 | (mg/hr/kg lung)/

for Perc oxidation (nmol/min/g liver) (mg/hrikg liver)
Ratio of lung to hepatic Km | KMRespLivC 1 1 1 (mM respiratory tract 1 1 1 (mM respiratory tract
for Perc oxidation tissue)/(mM liver) tissue)/(mM liver)
Vuax for hepatic Perc GSH VuaxTCVGC 3.55 9.44 0.0668 | nmol/min/g liver 35.3 93.9 0.665 | mg/hr/kg fiver®’
conjugation

Vwmax/Km for hepatic Perc CITCVGC 4.17 11.1 0.0784 | nmol/min/g liver/mM 0.656 |2.218 |[0.0196 | L blood/hr/kg liver®*
GSH conjugation

Ratio of renal to hepatic VuaxKidLivICVGC | 0.15 0.15 0.15 (nmol/min/g kidney)/ 0.15 0.15 0.15 (mg/hr/kg kidney)/
Vuax for Perc GSH (nmol/min/g liver) (mg/hrikg liver) 9
conjugation

Ratio of renal to hepatic CIKidLivTCVGC 0.15 0.15 0.15 (nmol/min/g kidney/mM)/ 0.24 0.098 |0.14 (L/hr/kg kidney)/

Vuax/Kw for Perc GSH
conjugation

(nmol/min/g liver/mM)

(L/hr/kg liver) ©©

mM liver = 165.83 mg/L liver = {165.83/PCliv) mg/L blood, where PCliv = 2.62 (mouse), 3.33 {rat), 4.16 (human).

nmol/mm/g liver/mM = 1e-6 L liver/min/g liver = 0.06 L liver/hr/kg liver = (0.06 x PCliv) L blood/hr/kg liver.

Addmonal scaling by tissue volume(s) to derive whole organ Vmax, Km, or Vmax/Km parameter (see Table 1).
(mM kidney/mM liver) = (PCliv/PCkid) ({(mg/L blood kidney)/(mg/L blood liver)), where PCkid = 4.25 {(mouse), 2.17 (rat), 3.99 (human).
(nmol/mm/g kidney/mM)/(nmol/min/g liver/mM) = (PCkid/PCliv) (L/hr/kg kidney)/(L/hr/kg liver).
nmol/mm/g liver = 1e-6 mmol/min/g liver = 0.06 mmol/hr/kg liver = 9.95 mg/hr/kg liver.

9 (nmol/min/g kidney)/(nmol/min/g liver) = (PCkid/PCliv) (mg/hr/kg kidney)/(mg/hr/kg liver).

111
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Detailed comparison of optimized predictions and data

Mouse

Time-course plots of the mouse PBPK model predictions as compared to calibration or
evaluation data, using baseline and maximum likelihood estimate (MLE) parameters, are shown
on the pages indicated in Table S-1. Data are denoted by symbols, connected by thin grey lines
for clarity. Symbols for increasing dose groups are in the following order: circle, triangle, plus,
X, diamond. For baseline plots, predictions are thick black lines. For MLE plots, the overall
MLE predictions are thick black lines, with alternative MLE predictions as thick grey lines. For
predictions, line types for increasing dose groups are in the following order: solid, dash, dot,
dash-dot, long dash. A discussion of the mouse calibration and evaluation results follows.

For the calibration data in mice, the model has some difficulty simultaneously fitting
closed chamber data (Gearhart et al., 1993, and Gargas, 1988, reported in Reitz et al., 1996 and
Sweeney et al., 2009) and the C-14 mass balance data on total metabolism (Reitz et al., 1996).
The maximum likelihood approach preferred the excellent fits to the closed chamber data (due to
there being much more data), and so the mass balance data of Reitz et al. (1996) was more
poorly fit as a consequence. Perc in blood and tissues are somewhat underpredicted (Gearhart et
al., 1993; Philip et al., 2007). Further, the model can not simultaneously account for the
proportional dose-response for TCA 1n liver and lack of dose-response for TCA in blood
following single gavage perc exposure reported by Philip et al. (2007).

In terms of evaluation data, perc in blood and kidney from repeated gavage perc exposure
(Philip et al., 2007) were well-predicted at the lower doses, but the model did not account for the
greater than proportional increase in perc in liver at higher doses in that study. The amount of
urinary excretion of TCA was predicted to within 2-fold (Buben and O’Flaherty, 1985; Ikeda and
Ohtsuji, 1972), suggesting good mass balance. TCA in blood from Green et al. (2003) and at the
lower two exposures in Philip et al. (2007) were fairly well predicted, but the model could not
account for the lack of proportional increase between the middle and high dose in Philip et al.
(2007). Similarly, for TCA in liver, the lack of dose-response reported in Philip et al. (2007)
after repeated dosing (in contrast to the proportional increase reported in the same study after a

v
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single dose) was not predicted. Finally, total metabolism reported by Schumann et al. (1980)
was somewhat under-predicted following inhalation exposure but somewhat over-predicted

following oral exposure, but with errors of less than 2-fold.

Table S-3. Mouse data and predictions (pages 1-7)

Reference Strain Sex Exposures Measurements Page number
(dose range) (time range) Baseline MLE
Calibration 1 2-4
Gearhart et al. (1993) B6C3F1 M Closed chamber Chamber concentration 1 2
(200-3500 ppm) (0-8 hr)
Oil gavage Venous blood
(5636-1072 mg/kg) TCA blood
(1-48 hr)
Odum et al. (1998) B6C3F1 M+F Inhalation TCA blood 1 2
(400 ppm) (1-54 hr)
Gargas et al., reported in  B3C3F1 M Closed chamber Chamber concentration 1 2
Reitz et al. (1996) (1.5-400 ppm) (0-6 hr)
Reitz et al. (1996) B6C3F1 M Inhalation Exhaled as perc 1 2-3
(11-1201 ppm) (6-21 hr)
Retained dose
(6 hr)
Fraction metabolized
(54-71 hr)
Philip et al. (2007) (single  Swiss- M Aqueous gavage Venous blood 3-4
dose) Webster (150-1000 mg/kg/d) Tissues: Liver, kidney
TCA blood
TCA liver
(0-24 hr)
Evaluation 5-7
Buben and O'Flaherty Swiss-Cox M Oil gavage TCA urine 5
(1985) (20-2000 mg/kg/d)  (n.s.)
Green et al. (2003c) B6C3F1 M+F Inhalation TCA blood 5
(10-200 ppm) (102 hr)
lkeda and Ohtsuji (1972) DD M+F  Inhalation (200 ppm) TCA urine 5
Philip et al. (2007) Swiss- M Aqueous gavage Venous blood 5-6
(repeated dose) Webster (150-1000 mg/kg/d) Tissues: Liver, kidney
TCA blood
TCA liver
(696-720 hr)
Schumann et al. (1980) B6C3F1 M Inhalation Retained dose 6-7
(10.6 ppm) (6 hr)
Oil gavage (oral) Fraction metabolized
(500 mg/kg) (78 hr)
A
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Rat

Time-course plots of the rat PBPK model predictions as compared to calibration or
evaluation data, using baseline and maximum likelihood estimate (MLE) parameters, are shown
on the pages indicated in Table S-2. Data are denoted by symbols, connected by thin grey lines
for clarity. Symbols for increasing dose groups are in the following order: circle, triangle, plus,
X, diamond. For baseline plots, predictions are thick black lines. For MLE plots, the overall
MLE predictions are thick black lines, with alternative MLE predictions as thick grey lines. For
predictions, line types for increasing dose groups are in the following order: solid, dash, dot,
dash-dot, long dash. A discussion of the rat calibration and evaluation results follows.

In the rat calibration data, perc in blood and tissues were generally well simulated,
although inter- and intra-study variability is evident as some data were either over- or under-
predicted (Boyes et al., 2009; Dallas et al. 1994a, 1994c; Pegg et al., 1979; Warren et al. 1996).
Some of this variability may be due to strain differences, which were not separately evaluated
here. Closed chamber and total metabolism measures were also well simulated, although there is
some under-prediction of total metabolism, particularly at lower doses (Pegg et al., 1979; Reitz
etal., 1996). TCA in blood is well predicted for Odum et al. (1988) but somewhat under-
estimated for Volkel et al. (1998). TCA i urine from Volkel et al. (1998) 1s well predicted.
With respect to the GSH conjugation urinary metabolite data from Volkel et al. (1998), the
model can not simultaneously account for the nearly proportional change in DCA in urine from
10 ppm to 400 ppm perc exposures, and the non-proportional increase in NAcTCVC at 400 ppm.
However, the effect of this discrepancy on the predicted overall flux of GSH conjugation is
minimal, since the DCA excretion is about 10-fold higher than NAcTCVC excretion.

In terms of rat evaluation data, there is consistent under-prediction of perc in blood and
exhaled air following inhalation and ia exposures reported by Dallas et al. (1994b, 1995), but
over-prediction for oral exposures (Dallas et al., 1995). In addition, perc in blood and tissues are
over-predicted as compared to data reported by Savolainen et al. (1977) following inhalation
exposures. The amount of perc exhaled as reported by Franz and Watanabe (1983) 1s well
predicted, as are the amounts of TCA in urine reported by Tkeda and Ohtsuji (1972) and Tkeda et
al. (1972).

vi
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Table S-4. Rat data and predictions (pages 8-21)

Reference Strain Sex Exposures Measurements Page number(s)
(dose range) (time range) Baseline MLE
Calibration 8-12 13-19
Boyes et al. (2009) Long-Evans M Inhalation Arterial blood 8 13
(250-4000 ppm) Tissues: brain
(1-7 hr)
Dallas et al. (1994a, 1994c) Sprague- M Intra-arterial (ia) Arterial blood 8-10 13-16
Dawley (10 mg/kg) Tissues: Liver, kidney,
Inhalation (inh) brain, muscle, fat,
(500 ppm) lung, heart
Aqueous gavage (aq  (0-72 hr)
gav) (10 mg/kg)
Odum et al. (1998) F344 M+F Inhalation TCA blood 10 16
(400 ppm) (1-54 hr)
Pegg et al. (1979) Sprague- M Oil gavage Venous blood 10 16-17
Dawley (1-500 mg/kg) (1-36 hr)
Inhalation Amount or fraction
(9.12-573 ppm) exhaled
(72 hr)
Retained dose,
inhalation exposures
only
(6 hr)
Gargas et al., reported in  Sprague- M Closed chamber Chamber concentration 11 17
Reitz et al. (1996) Dawley (1-1020 ppm) (0-5 hr)
Reitz et al. (1996) F344 M Inhalation Exhaled as perc 11 17
(11.9-1146 ppm) (6-27 hr)
Retained dose
(6 hr)
Fraction metabolized
(54-72 hr)
Volkel et al. (1998) Wistar M+F Inhalation TCA blood 11-12 17-18
(10-400 ppm) (6-30 hr)
TCA urine
(0-78 hr)
NAc-TCVC urine
(0-66 hr)
Warren et al. (1996) Sprague- M Aqueous gavage Arterial blood 19
Dawley (160-480 mg/kg) (0-95 hr)
Tissues: Liver, brain,
muscle, fat
(0-1.5 hr)
Evaluation 20
Dallas et al. (1994b) Sprague- M Inhalation Arterial blood 20
Dawley (50-500 ppm) Exhaled breath
(2-600 hr)
Dallas et al. (1995) Sprague- M Intra-arterial (ia) Venous blood 20
Dawley (1-10 mg/kg) (0-30 hr)
Aqueous gavage (po)
(1-10 mg/kg)
Franz and Watanabe Sprague- M Drinking water Amount exhaled 20
(1983) Dawley (8.09 mg/kg) (12-84 hr)
lkeda and Ohtsuji (1972)  Wistar M+F Inhalation TCA urine 20
(200 ppm) (48 hr)
lkeda et al. (1972) Wistar F Inhalation TCA urine 21
(2-400 ppm) (48 hr)
Savolainen et al. (1977) Sprague- M Inhalation Venous blood 21
Dawley (200 ppm) Tissues: Liver, brain,
fat, lung
(120-126 hr)
vii
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Human

Time-course plots of the human PBPK model predictions as compared to calibration or
evaluation data, using baseline and maximum likelihood estimate (MLE) parameters, are shown
on the pages indicated in Table S-3. Data are denoted by symbols, connected by thin grey lines
for clarity. Symbols for increasing dose groups are in the following order: circle, triangle, plus,
X, diamond. For baseline plots, predictions are thick black lines. For MLE plots, the overall
MLE predictions are thick black lines, with alternative MLE predictions as thick grey lines. For
predictions, line types for increasing dose groups are in the following order: solid, dash, dot,
dash-dot, long dash. A discussion of the human calibration and evaluation results follows.

In the human calibration data, predictions for perc in alveolar air and blood were
generally quite accurate, although some inter- and intra-individual variability is evident (Chiu et
al., 2007; Monster et al., 1979). Alveolar breath concentrations for Fernandez et al. (1976) were
over-predicted, though by less than 2-fold. TCA blood concentrations were also fairly consistent
across studies and individuals, again with some inter-individual variability. Much more inter-
individual or inter-study variability is evident for measurements of TCA and NAcTCVC in urine.
For instance, for Chiu et al. (2007), predictions for urinary TCA were quite accurate for
Individual F, but were an order of magnitude too high for Individual C. Variation in TCA
urinary excretion among the subjects in Monster et al. (1979) and Volkel et al. (1998) was less,
but still clearly visible. The model under-predicted TCA in urine reported by Fernandez et al.
(1976), but by an amount smaller than the variability observed in the other studies. For urinary
excretion of NACTCVC reported by Volkel et al. (1998), the accuracy of the results was best at
the lower two exposures. At the highest exposure, some subjects exhibited saturation of
NAcTCVC excretion while others did not, whereas the model assumed a linear rate and thus fit
the non-saturating individuals the best. Overall, inter-individual variability substantially
contributes to the errors in model fitting — a demonstration of the difficulty in teasing apart
uncertainty and variability in the absence of a hierarchical population model.

In terms of human evaluation data, there was generally quite good agreement with the
alveolar breath concentrations reported by Chien (1997) following multiple controlled and

environmental exposure experiments, though some intra-individual variation was evident. The

viii

EPA-HQ-2018-0008760048295



model generally over-predicted post-exposure alveolar breath concentrations reported by
Fernandez et al. (1976) by a similar amount to that observed with respect to the calibration data.
However, data during exposure and post-exposure data for a couple of the experiments were well
predicted. Alveolar breath concentrations were generally well simulated in comparison to data
reported by Hake and Stewart (1977), Stewart et al. (1961), and Stewart et al. (1970), although
perc blood concentrations during exposure were over-predicted as compared to data from

Stewart et al. (1961).

Table S-5. Human data and predictions (pages 22-52)

Reference Individual Sex Exposures Measurements Page number(s)
data? (n) (dose range) (time range) Baseline MLE
Calibration 22-31 32-43
Chiu et al. (2007) Yes (6) M 1 ppm Alveolar breath 22-25 32-35
Venous blood
TCA blood
TCA urine
(0-166 hr)
Fernandez et al. (1976) Some (7) M+F  100-200 ppm Alveolar breath 25-26 35-36
(n=2, with TCA urine) (0-12 hr)
TCA urine, for 2
individuals
(0-72 hr)
Monster et al. (1979) Yes (6) M 72-144 ppm Alveolar breath 26-30 36-40
Venous blood
TCA blood
TCA urine
(0-167 hr)
Volkel et al. (1998) Yes (6) M+F  10-40 ppm TCA plasma 30-31 40-43
(6-30 hr)
TCA urine
(0-78 hr)
NAc-TCVC urine
(0-35 hr)
Evaluation 44-52
Chien (1997) Yes (1) M 0.06-5 ppm Alveolar breath 44-49
(0-13 hr)
Fernandez et al. (1976) Some (7) M+F  100-200 ppm Alveolar breath 49-50
(other individuals) (0-12 hr)
Hake and Stewart (1977)  Some (1) M 150 ppm Alveolar breath 51
(0-2.5 hr)
Stewart et al. (1961) No M 100-200 ppm Alveolar breath 51
Venous blood
(0-150 hr)
Stewart et al. (1970) No M 100 ppm (single and Alveolar breath 51-52
repeated) (0-440 hr)
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Table S-6. Predictions for Area Under the Curve of perc in blood (mg-hr/l/d per ppm in air

or mg-hr/l/d per mg/kg/d oral intake) using posterior mode parameters.

Species Baseline posterior GSD of Range of posterior

Continuous exposure mode posterior modes across
modes across chains
chains

Mouse
0.01 ppm 12 213 1.03 2.11-2.42
0.1 ppm 12 213 1.03 2.12-2.42
1 ppm 1.26 2.18 1.02 2.16-2.44
10 ppm 1.73 2.43 1.01 2.39-2.53
100 ppm 2.8 2.64 1 2.64-2.68
1000 ppm 2.98 2.68 1 2.67-2.72
0.01 mg/kg/d 0.0217 0.104 1.06 0.0957-0.126
0.1 mg/kg/d 0.0218 0.104 1.06 0.0958-0.126
1 mg/kg/d 0.0221 0.105 1.06 0.0965-0.127
10 mg/kg/d 0.0265 0.112 1.05 0.103-0.129
100 mg/kg/d 0.168 0.152 1.03 0.138-0.152
1000 mg/kg/d 0.296 0.178 1.03 0.159-0.18

Rat
0.01 ppm 1.03 2.25 1 2.25-2.27
0.1 ppm 1.03 2.25 1 2.25-2.27
1 ppm 1.04 2.25 1 2.25-2.27
10 ppm 1.1 2.25 1 2.25-2.27
100 ppm 2 2.29 1 2.28-2.32
1000 ppm 2.4 2.39 1.01 2.36-2.42
0.01 mg/kg/d 0.0737 0.852 1.02 0.807-0.86
0.1 mg/kg/d 0.0738 0.852 1.02 0.807-0.86
1 mg/kg/d 0.0744 0.852 1.02 0.807-0.86
10 mg/kg/d 0.0816 0.854 1.02 0.809-0.861
100 mg/kg/d 0.23 0.864 1.02 0.821-0.869
1000 mg/kg/d 0.543 0.912 1.02 0.869-0.919

Human
0.01 ppm 2.35 2.03 1.05 2.01-2.36
0.1 ppm 2.35 2.03 1.05 2.01-2.36
1 ppm 2.35 2.03 1.05 2.01-2.36
10 ppm 2.35 2.03 1.05 2.01-2.36
100 ppm 2.35 2.03 1.05 2.01-2.36
1000 ppm 2.37 2.04 1.05 2.01-2.36
0.01 mg/kg/d 2.71 1.74 1.03 1.58-1.82
0.1 mg/kg/d 2.71 1.74 1.03 1.58-1.82
1 mg/kg/d 2.71 1.74 1.03 1.58-1.82
10 mg/kg/d 2.71 1.74 1.03 1.58-1.82
100 mg/kg/d 272 1.74 1.03 1.58-1.82
1000 mg/kg/d 2.75 1.74 1.03 1.58-1.83
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Table S-7. Predictions for fraction of perc in oxidized by P450s (mg/kg/d oxidized per

mg/kg/d intake) using posterior mode parameters.

Species Baseline Post- GSD of Range of posterior

Continuous exposure calibration posterior modes across
{posterior modes across chains
mode) chains

Mouse
0.01 ppm 0.00252 0.188 1.1 0.12-0.192
0.1 ppm 0.00254 0.187 1.09 0.12-0.191
1 ppm 0.00269 0.174 1.08 0.115-0.179
10 ppm 0.0062 0.118 1.06 0.0934-0.124
100 ppm 0.0141 0.0732 1.04 0.0632-0.075
1000 ppm 0.00716 0.0664 1.05 0.0574-0.0688
0.01 mg/kg/d 0.00367 0.561 1.08 0.395-0.574
0.1 mg/kg/d 0.00368 0.561 1.08 0.395-0.574
1 mg/kg/d 0.00374 0.557 1.07 0.394-0.57
10 mg/kg/d 0.00445 0.524 1.07 0.38-0.535
100 mg/kg/d 0.0253 0.35 1.04 0.308-0.367
1000 mg/kg/d 0.0361 0.239 1.03 0.216-0.25

Rat
0.01 ppm 0.000501 0.0419 1.02 0.0387-0.042
0.1 ppm 0.000502 0.0419 1.02 0.0387-0.042
1 ppm 0.000514 0.0418 1.02 0.0386-0.0419
10 ppm 0.000662 0.0409 1.02 0.0379-0.0409
100 ppm 0.0025 0.0331 1.07 0.0263-0.0358
1000 ppm 0.00153 0.011 1.27 0.00587-0.0181
0.01 mg/kg/d 0.00143 0.106 1.02 0.0988-0.107
0.1 mg/kg/d 0.00144 0.106 1.02 0.0988-0.107
1 mg/kg/d 0.00145 0.106 1.02 0.0987-0.107
10 mg/kg/d 0.00158 0.105 1.02 0.0977-0.105
100 mg/kg/d 0.00431 0.0934 1.04 0.0817-0.096
1000 mg/kg/d 0.00686 0.0434 1.2 0.026-0.0631

Human
0.01 ppm 0.00971 0.0098 1.12 0.00694-0.0104
0.1 ppm 0.00971 0.0098 1.12 0.00694-0.0104
1 ppm 0.00969 0.0098 1.12 0.00694-0.0104
10 ppm 0.00955 0.0098 1.12 0.00694-0.0104
100 ppm 0.00828 0.0098 1.12 0.00694-0.0104
1000 ppm 0.00355 0.0098 1.12 0.00693-0.0104
0.01 mg/kg/d 0.0173 0.0175 1.09 0.0134-0.0184
0.1 mg/kg/d 0.0173 0.0175 1.09 0.0134-0.0184
1 mg/kg/d 0.0173 0.0175 1.09 0.0134-0.0184
10 mg/kg/d 0.0169 0.0175 1.09 0.0134-0.0184
100 mg/kg/d 0.0138 0.0175 1.09 0.0134-0.0184
1000 mg/kg/d 0.00492 0.0175 1.09 0.0133-0.0184
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Table S-8. Predictions for fraction of perc in conjugated with GSH (mg/kg/d conjugated

per mg/kg/d intake) using posterior mode parameters.

Species Baseline Post- GSD of Range of posterior

Continuous exposure calibration posterior modes across
{posterior modes across chains
mode) chains

Mouse
0.01 ppm 0.348 0.000151 3.87 6.39e-05-0.00415
0.1 ppm 0.347 0.000152 3.87 6.43e-05-0.00417
1 ppm 0.337 0.000159 3.86 6.83e-05-0.0043
10 ppm 0.244 0.000207 3.81 8.95e-05-0.00523
100 ppm 0.0299 0.000251 3.79 0.000109-0.00642
1000 ppm 0.00301 0.000258 3.79 0.000111-0.00663
0.01 mg/kg/d 0.929 0.000481 3.89 0.000208-0.0134
0.1 mg/kg/d 0.929 0.000481 3.89 0.000208-0.0134
1 mg/kg/d 0.928 0.000485 3.89 0.00021-0.0135
10 mg/kg/d 0.914 0.000521 3.87 0.000229-0.0141
100 mg/kg/d 0.454 0.000706 3.82 0.00031-0.0181
1000 mg/kg/d 0.0485 0.000821 3.81 0.000362-0.0212

Rat
0.01 ppm 0.303 0.00308 1.27 0.00195-0.00519
0.1 ppm 0.303 0.00308 1.27 0.00195-0.00519
1 ppm 0.301 0.00309 1.27 0.00195-0.0052
10 ppm 0.286 0.00309 1.27 0.00196-0.00521
100 ppm 0.0939 0.00316 1.27 0.002-0.00529
1000 ppm 0.0099 0.00335 1.27 0.00213-0.00559
0.01 mg/kg/d 0.874 0.00783 1.27 0.00498-0.0133
0.1 mg/kg/d 0.874 0.00783 1.27 0.00498-0.0133
1 mg/kg/d 0.873 0.00783 1.27 0.00498-0.0133
10 mg/kg/d 0.861 0.00785 1.27 0.00499-0.0133
100 mg/kg/d 0.608 0.00795 1.27 0.00506-0.0134
1000 mg/kg/d 0.078 0.00838 1.27 0.00535-0.0141

Human
0.01 ppm 0.000544 0.0936 17.5 3.16e-05-0.1
0.1 ppm 0.000543 0.0936 17.5 3.16e-05-0.1
1 ppm 0.000543 0.0936 17.5 3.16e-05-0.1
10 ppm 0.000535 0.0936 17.5 3.16e-05-0.1
100 ppm 0.000468 0.0935 17.5 3.16e-05-0.1
1000 ppm 0.000207 0.0926 17.4 3.16e-05-0.0991
0.01 mg/kg/d 0.000972 0.177 174 6.47e-05-0.188
0.1 mg/kg/d 0.000972 0.177 171 6.47e-05-0.188
1 mg/kg/d 0.00097 0.177 171 6.47e-05-0.188
10 mg/kg/d 0.00095 0.177 1741 6.47e-05-0.188
100 mg/kg/d 0.000788 0.177 171 6.47e-05-0.187
1000 mg/kg/d 0.000289 0.175 17 6.47e-05-0.185
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Table S-9. Predictions for TCA produced systemically (mg/kg/d systemic TCA per ppm in

air or mg/kg/d systemic TCA per mg/kg/d oral intake) using posterior mode parameters.

Species Baseline Post- GSD of Range of posterior

Continuous exposure calibration posterior modes across
{posterior modes across chains
mode) chains

Mouse
0.01 ppm 0.0361 3.74 1.08 2.63-3.94
0.1 ppm 0.0363 3.71 1.08 2.62-3.9
1 ppm 0.0384 3.45 1.07 2.53-3.59
10 ppm 0.0886 2.34 1.04 2.05-2.47
100 ppm 0.202 1.46 1.03 1.36-1.55
1000 ppm 0.103 1.32 1.04 1.18-1.43
0.01 mg/kg/d 0.00325 0.497 1.08 0.35-0.509
0.1 mg/kg/d 0.00326 0.496 1.08 0.35-0.508
1 mg/kg/d 0.00331 0.493 1.07 0.349-0.505
10 mg/kg/d 0.00394 0.464 1.07 0.337-0.473
100 mg/kg/d 0.0224 0.31 1.04 0.273-0.325
1000 mg/kg/d 0.032 0.212 1.03 0.191-0.222

Rat
0.01 ppm 0.00352 0.182 1.02 0.173-0.189
0.1 ppm 0.00353 0.182 1.02 0.173-0.189
1 ppm 0.00361 0.181 1.02 0.173-0.189
10 ppm 0.00465 0.177 1.02 0.169-0.183
100 ppm 0.0176 0.144 1.07 0.117-0.158
1000 ppm 0.0108 0.0476 1.26 0.0261-0.0798
0.01 mg/kg/d 0.00127 0.0941 1.02 0.0875-0.0952
0.1 mg/kg/d 0.00127 0.0941 1.02 0.0875-0.0951
1 mg/kg/d 0.00128 0.094 1.02 0.0874-0.095
10 mg/kg/d 0.0014 0.0929 1.02 0.0866-0.0934
100 mg/kg/d 0.00382 0.0828 1.04 0.0724-0.0851
1000 mg/kg/d 0.00607 0.0385 1.2 0.023-0.0559

Human
0.01 ppm 0.0106 0.0125 1.02 0.0117-0.0128
0.1 ppm 0.0106 0.0125 1.02 0.0117-0.0128
1 ppm 0.0106 0.0125 1.02 0.0117-0.0128
10 ppm 0.0104 0.0125 1.02 0.0117-0.0128
100 ppm 0.00906 0.0125 1.02 0.0117-0.0128
1000 ppm 0.00388 0.0125 1.02 0.0117-0.0128
0.01 mg/kg/d 0.0153 0.0145 1.09 0.0111-0.0152
0.1 mg/kg/d 0.0153 0.0145 1.09 0.0111-0.0152
1 mg/kg/d 0.0153 0.0145 1.09 0.0111-0.0152
10 mg/kg/d 0.015 0.0145 1.09 0.0111-0.0152
100 mg/kg/d 0.0123 0.0145 1.09 0.0111-0.0152
1000 mg/kg/d 0.00436 0.0145 1.09 0.011-0.0152
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Table S-10. Mouse local parameter sensitivity analyses.

AUCCBId FracOx FracGSH TCASys Calibration data
{ISC}) {ISC}) {ISC}) {ISC}) (# of data points)

Scaling parameter Inh Oral Inh Oral Inh Oral Inh Oral VL L M H

InQCC 0.18 0.74 0.72 0.49 0.58 0.74 0.28 0.49 61 173 229 29
InNVPRC 0.21 0.87 0.86 0.25 0.77 0.4 0.14 0.25 121 260 94 17
QFatC 0 0 0 0 0 0 0 0 238 244 5 1
QGutC 0.03 0.11 0.12 0.2 0.17 0.3 0.12 0.2 340 136 12 0
QLivC <0.01 0.02 0.02 0.03 0.02 0.04 0.02 0.03 482 6 0 0
QSwC 0 0 0 0 0 0 0 0 452 35 0 0
QKidC 0 0 0 0 <0.01  <0.01 0 0 200 0 0 0
InDRespC 0.03 0.11 0.02 0.03 0.03 0.05 0.02 0.03 467 25 0 0
FracPlasC 0 0 0 0 0 0 0 0 92 9 5 0
VFatC <0.01 <0.01 <0.01 <0.01 <0.01 <001 <0.01t <0.01 | 270 199 12 4
VGutC <0.01 0 0 0 0 0 0 0 474 12 0 0
VLivC 0.18 0.39 0.72 0.74 0.51 0.43 0.72 0.74 118 263 105 2
VRapC <0.01 0 0 0 0 0 0 0 482 3 0 0
VRespLumC 0 0 0 0 0 0 0 0 201 0 0 0
VRespEffC 0 0 0 0 0 0 0 0 448 0 0 0
VKidC <0.01 <0.01 <0.01 <0.01 0.09 0.04 <0.01 <0.01 | 476 3 0 0
VBIdC <0.01 0 0 0 0 0 0 0 488 0 0 0
PBC 0.85 0.87 0.58 0.25 0.92 0.4 0.58 0.25 39 337 114 2
PFatC <0.01 <0.01 <0.01 <001 <0.01 <001t <001 <0.01 | 253 214 13 4
INPGutC <0.01 0 0 0 0 0 0 0 476 12 0 0
InPLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01t <0.01 | 457 9 3 19
InPRapC <0.01 0 0 0 0 0 0 0 485 3 0 0
InPRespC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 | 435 0 0 0
InPKidC <0.01 0 0 0 0 0 0 0 465 0 3 20
InPSIwC <0.01 <0.01 <0.01 0 <0.01 <0.01 <0.01 0 278 210 0 0
InPRBCPlasTCAC 0 0 0 0 0 0 0 0 12 83 12 0
InPBodTCAC 0 0 0 0 0 0 0 0 6 39 54 8
InPLIivTCAC 0 0 0 0 0 0 0 0 2 53 42 9
InkDissocC 0 0 0 0 0 0 0 0 28 76 0 0
InBMaxkDC 0 0 0 0 0 0 0 0 25 78 2 0
InkTSD 0 0 0 0 0 0 0 0 2 26 7 1
InkAS 0 0 0 0 0 0 0 0 36 0 0 0
InkAD 0 0 0 0 0 0 0 0 6 30 0 0
InkTSDAq 0 0 0 0 0 0 0 0 26 88 0 0
InkASAq 0 0 0 0 0 0 0 0 16 60 38 0
InkADAq 0 0 0 0 0 0 0 0 33 74 2 5
InKMC 0.06 0.13 0.27 0.26 0.15 0.13 0.27 0.26 408 79 0 0
InCIC 0.18 0.39 0.72 0.74 0.42 0.39 0.72 0.74 94 237 156 0
InCI120xC 0.08 0.21 0.31 0.39 0.19 0.21 0.31 0.39 122 268 95 0
InFracOtherC 0 0 0 0 0 0 0.1 0.1 84 22 0 0
InKMKidLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01t <0.01 | 397 0 0 0
InCIKidLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01t <0.01 | 399 0 0 0
InFracKidTCAC 0 0 0 0 0 0 <0.01 <0.01 90 0 0
InKMRespLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 | 342 0 0 0
InVMaxLungLivC <0.01  <0.01 0.04 0.02 <0.01 <0.01 0.04 0.02 468 " 0 0
InCITCVGC <0.01 <0.01 <0.01 <0.01 1 1 <0.01 <0.01 | 461 0 0 0
InVMaxKidLivTCVGC 0 0 0 0 0 0 0 0 5 0 0 0
InCIKidLivICVGC <0.01 <0.01 <0.01 0 0.09 0.04 <0.01 0 335 0 0 0
InkUrmnTCAC 0 0 0 0 0 0 0 0 47 33 20 6
InkMetTCAC 0 0 0 0 0 0 0 0 35 38 24 9
InkTotTCAC 0 0 0 0 0 0 0 0 21 38 14 31

Column 1: scaling parameter; columns 2-9: absolute value of sensitivity coefficient for continuous
exposures at 10 ppm in air or 100 mg/kg/d oral intake, with values 20.1 in bold; columns 10-13: number
of calibration data points with absolute value of sensitivity coefficient that is very low (VL: 0<|SC|< 0.1),
fow (L: 0.1<|SCJ<0.5), medium (M: 0.5<|SC|< 1.0), and high (H: |SC|>1.0).
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Table S-11. Rat local parameter sensitivity analyses.

AUCCBId FracOx FracGSH TCASys Calibration data
{ISC}) (ISC}) (ISC}) (ISC})) (# of data points)

Scaling parameter Inh Oral Inh Oral Inh Oral Inh Oral VL L M H

InQCC 0.08 0.91 0.89 0.79 0.89 0.91 0.11 0.79 43 210 300 112
InVPRC 0.08 0.93 0.92 0.59 0.91 0.69 0.08 0.59 86 308 165 106
QFatC 0 0 0 0 0 0 0 0 149 421 85 9
QGutC <0.01 0.02 0.02 0.17 0.02 0.2 0.02 0.17 610 35 10 10
QLivC <0.01 <0.01 <0.01 0.02 <0.01 0.03 <0.01 0.02 640 6 0 0
QSwC 0 0 0 0 0 0 0 0 584 56 6 2
QKidC 0 0 0 0 0 0 0 559 4 0 0
InDRespC 0.01 0.12 0.01 0.08 0.01 0.09 0.01 0.08 514 149 1 0
FracPlasC 0 0 0 0 0 0 0 14 38 4 0
VFatC <0.01 <0.01 <001 <001 <001t <001 <001 <001 | 245 254 122 42
VGutC 0 0 0 0 0 0 0 0 632 20 12 0
VLivC 0.08 0.09 0.9 0.92 0.12 0.11 0.9 0.92 419 184 62 0
VRapC 0 0 0 0 0 0 0 0 634 24 4 0
VRespLumC 0 0 0 0 0 0 0 0 443 0 0 0
VRespEffC 0 0 0 0 0 0 0 0 549 0 0 0
VKidC <0.01 <0.01 <0.01 <0.01 0.02 0.01 <0.01 <0.01 | 642 0 0 0
VBIdC 0 0 0 0 0 0 0 0 644 12 2 0
PBC 0.92 0.93 0.89 0.59 0.92 0.69 0.89 0.59 54 248 292 71
PFatC <0.01 <0.01 <0.01 <0.01 <001 <001 <001 <0.01 | 259 258 93 47
INnPGutC 0 0 0 0 0 0 0 0 629 22 12 0
InPLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01t <0.01 | 582 22 29 29
InPRapC 0 <0.01 0 0 0 <0.01 <0.01 0 546 36 31 49
InPRespC <0.01 <0.01 <0.01 <0.01 <0.01 <00t <001t <0.01 | 650 0 0 0
InPKidC 0 0 0 0 0 0 0 0 625 0 1 25
INPSIwC 0 <0.01 <0.01 <0.01 <0.01 <001 <0.01 <0.01 | 387 242 12 23
InPRBCPIlasTCAC 0 0 0 0 0 0 0 0 18 40 0 0
InPBodTCAC 0 0 0 0 0 0 0 0 13 29 15 1
InPLivTCAC 0 0 0 0 0 0 0 0 6 47 5 0
InkDissocC 0 0 0 0 0 0 0 0 53 0 0 0
InBMaxkDC 0 0 0 0 0 0 0 0 23 20 16 0
InkTSD 0 0 0 0 0 0 0 0 7 4 1 0
InkAS 0 0 0 0 0 0 0 0 10 0 0 0
InkAD 0 0 0 0 0 0 0 0 3 5 4 0
InkTSDAq 0 0 0 0 0 0 0 0 102 38 34 0
InkASAq 0 0 0 0 0 0 0 0 102 38 34 0
InkADAq 0 0 0 0 0 0 0 0 21 106 47 0
InKMC <0.01 0.01 0.03 0.12 <0.01 0.01 0.03 0.12 602 35 0 0
InCIC 0.08 0.09 0.9 0.92 0.1 0.09 0.9 0.92 473 134 58 0
InFracOtherC 0 0 0 0 0 0 0.1 0.1 38 19 0 0
InKMKidLivC 0 0 <0.01 <0.01 0 0 <0.01 <0.01 | 245 0 0 0
InCIKidLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01t <0.01 | 576 0 0 0
InFracKidTCAC 0 0 0 0 0 0 <0.01 <0.01 58 0 0 0
InKMRespLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01 <0.01 | 605 0 0 0
InVMaxLungLivC <0.01 <0.01 <0.01 <0.01 <0.01 <0.01t <0.01t <0.01 | 622 0 0 0
InCITCVGC <0.01 <0.01 <0.01 <0.01 0.99 0.99 <0.01 <0.01 | 621 2 35 0
InNVMaxKidLivTCVGC 0 0 0 0 0 0 0 0 1 0 0 0
InCIKidLivICVGC <0.01 <0.01 <0.01 <0.01 0.02 0.01 <0.01 <0.01 | 584 0 0 0
InkUrnTCAC 0 0 0 0 0 0 0 0 5 29 17 5
InkMetTCAC 0 0 0 0 0 0 0 0 13 40 6 0
InFracNATUmMC 0 0 0 0 0 0 0 0 21 0 16 0
InFracDCAUmMC 0 0 0 0 0 0 0 0 3 19 0 0
InkDCAC 0 0 0 0 0 0 0 0 14 6 0 0

Column 1: scaling parameter; columns 2-9: absolute value of sensitivity coefficient for continuous
exposures at 10 ppm in air or 100 mg/kg/d oral intake, with values 20.1 in bold; columns 10-13: number
of calibration data points with absolute value of sensitivity coefficient that is very low (VL: 0<|SC|< 0.1),
fow (L: 0.1<|SCJ<0.5), medium (M: 0.5<|SC|< 1.0), and high (H: |SC|>1.0).
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Table S-12. Human local parameter sensitivity analyses.

AUCCBId FracOx FracGSH TCASys Calibration data
{|SC)) ({SC}) (ISC)) (ISC}) (# of data points)
Scaling parameter Inh Oral Inh Oral Inh Oral Inh Oral VL L M H
InQCC 0.14 0.8 0.81 0.8 0.8 0.8 0.19 0.8 2 438 0 0
InVPRC 0.15 0.85 0.85 0.64 0.85 0.61 0.15 0.62 307 1097 387 24
QFatC 0 0 0 0 0 0 0 0 176 1410 176 53
QGutC <0.01 0.03 0.03 0.12 0.03 0.15 0.03 0.14 1787 28 0 0
QLivC <0.01 0.01 <0.01 0.04 0.01 0.05 0.01 0.05 1802 10 0 0
QSwC 0 0 0 0 0 0 0 0 1101 695 1 0
QKidC 0 <0.01 <0.01 <001 <001 <001 <0.01 <0.01 1778 0 0 0
InDRespC <0.01 <0.01 <001 <001 <0.01 <001 <001 <0.01 1812 0 0 0
FracPlasC 0 0 0 0 0 0 0 0 268 252 338 0
VFatC <0.01 <0.01 <001 <001 <0.01 <001 <001 <0.01 329 M1 0 0
VGutC 0 0 0 0 0 0 0 0 1789 11 0 0
VLivC <0.01 0.01 0.81 0.85 0.04 0.03 0.89 0.92 1117 106 592 0
VRapC 0 0 <0.01 0 <0.01 0 0 0 1548 267 0 0
VRespLumC 0 0 0 0 0 0 0 0 1185 0 0 0
VRespEffC 0 0 0 0 0 0 0 0 1567 0 0 0
VKidC <0.01 <0.01 0.17 0.13 0.02 0.01 0.09 0.07 1354 367 94 0
VBIdC 0 <0.01 <0.01 0 <0.01 <0.01 <0.01 <0.01 1167 648 0 0
PBC 0.85 0.85 0.85 0.64 0.85 0.61 0.85 0.62 55 577 1109 74
PFatC <0.01 <0.01 <0.01 <001 <001 <001 <0.01 <0.01 1278 407 126 4
INnPGutC 0 <0.01  <0.01 0 <0.01 <0.01 <0.0% 0 1804 11 0 0
InPLivC 0 0 0.01 <0.01 <0.01 0 0.01 <0.01 1798 17 0 0
InPRapC 0 <0.01  <0.01 0 <0.01 <0.01 <0.01 <0.01 1611 201 0 0
InPRespC <0.01  <0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 1766 0 0 0
InPKidC 0 0 0 0 0 0 0 0 1809 0 0 0
InPSIwC <0.01 <0.01 <0.01 <001 <0.01 <001 <001 <0.01 696 1035 76 8
InPRBCPIlasTCAC 0 0 0 0 0 0 0 0 842 0 0 0
INPBodTCAC 0 0 0 0 0 0 0 0 237 543 88 0
InPLIivTICAC 0 0 0 0 0 0 0 0 782 78 0 0
InkDissocC 0 0 0 0 0 0 0 0 785 0 0 0
InBMaxkDC 0 0 0 0 0 0 0 0 169 532 136 0
InCIC 0.01 0.02 0.98 0.98 0.02 0.02 0.98 0.98 1117 0 698 0
InFracOtherC 0 0 0 0 0 0 0.1 0.1 208 601 0 0
InKMKidLivC 0 0 0 0 0 0 0 0 204 0 0 0
InCIKidLivC <0.01 <0.01 0.17 0.13 <0.01 <0.01 0.09 0.07 1354 364 97 0
InFracKidTCAC 0 0 0 0 0 0 0.05 0.04 553 254 0 0
InKMRespLivC <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 1797 0 0 0
InVMaxLungLivC <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 1796 0 0 0
InCITCVGC 0.13 0.18 0.17 0.1 0.82 0.82 0.17 0.18 615 1074 126 0
InVMaxKidLivTCVGC 0 0 0 0 0 0 0 0 154 0 0 0
InCIKidLivICVGC <0.01 <0.01 <0.01 <0.01 0.02 0.02 <0.01 <0.01 1815 0 0 0
InkUrmnTCAC 0 0 0 0 0 0 0 0 266 152 429 4
InkMetTCAC 0 0 0 0 0 0 0 0 761 77 0 0
InFracNATUmMC 0 0 0 0 0 0 0 0 140 0 108 0
InFracDCAUmMC 0 0 0 0 0 0 0 0 156 0 18 0
INkNATC 0 0 0 0 0 0 0 0 197 36 18 0

Column 1: scaling parameter; columns 2-9: absolute value of sensitivity coefficient for continuous
exposures at 0.01 ppm in air or 0.01 mg/kg/d oral intake, with values 20.1 in bold; columns 10-13:
number of calibration data points with absolute value of sensitivity coefficient that is very low (VL: 0<|SC|<
0.1), low (L: 0.1<|SC|<0.5), medium (M: 0.5<|SC|< 1.0), and high (H: |SC|>1.0).

Xvi

EPA-HQ-2018-0008760048303



References not cited in main manuscript text

Baarnhielm C, Dahlback H and Skanberg I. 1986. In-vivo pharmacokinetics offelodipine
predicted from in-vitro studies in rat, dog and man. Acta Pharmacol. et toxicol. 59: 113-122.

Brown CD, Wong BA, Fennell TR. 1996. In vivo and in vitro kinetics of ethylene oxide
metabolism in rats and mice. Toxicol Appl Pharmacol. 136(1):8-19.

Carlile DJ, Hakooz N, Bayliss MK, Houston JB. 1999. Microsomal prediction of in vivo
clearance of CYP2C9 substrates in humans. Br J Clin Pharmacol. Jun;47(6):625-35.

Chiba M, Fujita S, Suzuki T. 1990. Pharmacokinetic correlation between in vitro hepatic
microsomal enzyme kinetics and in vivo metabolism of imipramine and desipramine in rats.
J Pharm Sci. 79(4):281-7.

Ekins S, Murray GI, Burke MD, Williams JA, Marchant NC, Hawksworth GM. 1995.
Quantitative differences in phase I and II metabolism between rat precision-cut liver slices
and isolated hepatocytes. Drug Metab Dispos. 23(11):1274-9.

Joly JG, Doyon C, Peasant Y. 1975 Cytochrome P-450 measurement in rat liver homogenate and
microsomes. Its use for correction of microsomal losses incurred by differential
centrifugation. Drug Metab Dispos. 3(6):577-86.

Kedderis GL, Batra R, Turner MJ Jr. 1995. Conjugation of acrylonitrile and 2-cyanoethylene
oxide with hepatic glutathione. Toxicol Appl Pharmacol. 135(1):9-17.

Knaak JB, al-Bayati MA, Raabe OG, Blancato JN. 1993. Development of in vitro Vmax and Km
values for the metabolism of isofenphos by P-450 liver enzymes in animals and
human.Toxicol Appl Pharmacol. 120(1):106-13.

Pelkonen O, Kaltiala EH, Larmi TK, Karki NT. 1973. Comparison of activities of drug-
metabolizing enzymes in human fetal and adult livers. Clin Pharmacol Ther.14(5):840-6.

Prasanna HR, Hart RW, Magee PN. 1989. Effect of dehydroepiandrosterone (DHEA) on the
metabolism of 7,12-dimethylbenz[a]anthracene (DMBA) in rats. Carcinogenesis. 10(5):953-
5.

Selgen, PO. (1973) Preparation of rat liver cells. 3. Enzymatic requirements for tissue dispersion.

Exp Cell Res. 82(2):391-8.

Xvii

EPA-HQ-2018-0008760048304



van Bree, L. Commandeur, J. Lamberts, B. Cornelissen, M. van Roon, M. Laterveer, H. de Vries,
J., 1990. Induction of drug metabolism enzymes by dihalogenated biphenyls. J. Biochem.
Toxicol. 5, 57-63.

Zahlten RN, Stratman FW. 1974. The isolation of hormone-sensitive rat hepatocytes by a
modified enzymatic technique. Arch Biochem Biophys. 163(2):600-8.

XViii

EPA-HQ-2018-0008760048305



Chamber concentration (ppm)

TCA in blood (mgiL)

Chamber concentration (ppm)

102 10° 10*

10"

100 150

50

10°

102

10"

107"

1072

Gearhart et al. (1993) [Mouse]

Mouse baseline

1 oy T T e, ccccca-.
E T T ‘EJ: e Y
LA N $ -+ -+ ;_r',_ B i ol

3 BB A AA
] B8 ata28p, A
o T T T

0 2 4 8

t (hours)
Odum et al. (1998) [Mouse]
oo
)
o Ceq
o ke
. &
i e}
; .2
0 e Yoo "
; & g
@
T T T T T
0 10 20 30 40
t (hours)

Gargas et al. (reported in Reitz et al., 1996) [Mouse]

t (hours)

Retained dose (mg) Fraction of retained dose metabolized

Rate of perc exhalation (mg/hr)

0.2 0.4 0.6 0.8 1.0

0.0

10°

10°

107"

10°

107"

1072

1073

1074

Reitz et al. (1996) [Mouse]

(0]

58 60 62 64 66 68

t (hours)

Reitz et al. (1996) [Mouse]

: LB B B N N N N N N J
| | | | | |
5.6 5.8 6.0 6.2 6.4 6.6
t (hours)

Reitz et al. (1996) [Mouse]

10 15 20

t (hours)

EPA-HQ-2018-0008760048306



Chamber concentration (ppm)

perc in venous blood (mg/L)

TCA in blood (mgiL)

104

10°

102

10"

40 60 80

20

100 150 200

50

Gearhart et al. (1993) [Mouse]

Mouse calibration

AR et
B o P YV,
| | | |
2 4 6 8
t (hours)
Gearhart et al. (1993) [Mouse]
| | | | |
10 20 30 40 50
t (hours)
Gearhart et al. (1993) [Mouse]
| | | | |
10 20 30 40 50
t (hours)

Chamber concentration (ppm) TCA in blood (mg/L)

Fraction of retained dose metabolized

100 150

50

10°

102
y vl

10"

107"

1072

1.0

0.2 0.4 0.6 0.8

0.0

Odum et al. (1998) [Mouse]

0 10 20 30 40

t (hours)

Gargas et al. (reported in Reitz et al., 1996) [Mouse]

.

Q‘Mmo
. WROROROQOANN o
N PRARARASA0 60 a0as 0o

T T T T T T T
0 1 2 3 4 5 6

t (hours)

Reitz et al. (1996) [Mouse]

(0]

56 58 60 62 64 66 68

t (hours)

EPA-HQ-2018-0008760048307



Rate of perc exhalation (mg/hr) Retained dose (mg)

TCA in blood (mgiL)

10°

10°

107"

10°

107"

1072

1073
y ol

1074

100 150 200 250 300

50

Reitz et al. (1996) [Mouse]

Mouse calibration

Philip et al. (2007) [Mouse]

t (hours)

Philip et al. (2007) [Mouse]

t (hours)

Philip et al. (2007) [Mouse]

o
O -
[ap)
(@)
LD -
N
—_ (@)
< ] 7
()]
E
g 8-
=
<
o
= e S
[
Te)
O -
| | | | | | | |
5.4 56 5.8 6.0 6.2 6.4 6.6 0
t (hours)
Reitz et al. (1996) [Mouse]
o
o -
<
(@)
o -
[
an
)
E
£
o
[
o
(@)
O -
S,
O -
| | |
10 15 20
t (hours)
Philip et al. (2007) [Mouse]
o
o -
[ap)
(@)
LD -
N
2 g
g 139
&
§ B
3T <
£
14 o
g 2 A
g 2
[
Te)
O -
| | | | |
0 5 10 15 20
t (hours)
3

t (hours)

EPA-HQ-2018-0008760048308



perc in venous blood (mg/L)

150

100

50

Philip et al. (2007) [Mouse]

Mouse calibration

T T
10 15

t (hours)

20

EPA-HQ-2018-0008760048309



TCA excreted in urine (mg/d)

TCA in blood (mgiL)

TCA in blood (mgiL)

10"

10

10°
y 2ol yaaanl

10"

10°

10"

Mouse validation

Buben and O’Flaherty (1985) [Mouse]

O
| | | | |
420 440 460 480 500
t (hours)
Green (2003c) males [Mouse]
| | | |
95 100 105 110
t (hours)
Green (2003c) females [Mouse]
| | | |
95 100 105 110
t (hours)

Cumulative TCA in urine (mg)

TCA in blood (mgiL)

TCA in liver (mg/L)

©
=

1

10

102

10"

102

10"

Ikeda and Ohtsuji (1972) [Mouse]

T T T T T
44 46 48 50 52

t (hours)

Philip et al. (2007) [Mouse]

| | | | |
700 705 710 715 720

t (hours)

Philip et al. (2007) [Mouse]

| | | | |
700 705 710 715 720

t (hours)

EPA-HQ-2018-0008760048310



perc in kidney (mg/L) percin liver (mg/L)

perc in venous blood (mg/L)

10°

10?

10

10°

10°

10

102

10"

1

10

Philip et al. (2007) [Mouse]

Mouse validation

700

705

710

t (hours)

715

Philip et al. (2007) [Mouse]

720

700

705

710

t (hours)

715

Philip et al. (2007) [Mouse]

720

700

705

|
710

t (hours)

715

720

Retained dose (mg) Fraction of retained dose metabolized

Amount exhaled as perc (mg)

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

15

10

Schumann et al. (1980) inhalation [Mouse]

Oy
~J

70 75 80 85
t (hours)

Schumann et al. (1980) inhalation [Mouse]

T T T T T T T
54 56 5.8 6.0 6.2 6.4 6.6

t (hours)

Schumann et al. (1980) oral [Mouse]

70 75 80 85

t (hours)

EPA-HQ-2018-0008760048311



Amount metabolized (mg)

10

Schumann et al. (1980) oral [Mouse]

Mouse validation

(0]

70

75 80

t (hours)

85

EPA-HQ-2018-0008760048312



perc in venous blood (mg/L)

perc in brain (mg/L)

perc in arterial blood (mg/L)

40 60 80 100

20

100 150 200

50

10°

10"

Boyes et al. (2009) [Rat]

Rat baseline
Dallas et al. (1994a) inh [Rat]

t (hours)

Boyes et al. (2009) [Rat]

t (hours)

Dallas et al. (1994a) ia [Rat]

t (hours)

30

N
O o
] o
j E
=
E © -]
° -
o 3
Q -
) E
E -
5 i
=
[
£ ~— -
© ]
5 ]
= ]
- .
v
IS
T h T T
6 0 10 20 30 40
t (hours)
Dallas et al. (1994a) ia [Rat]
N
2 3
S
- ]
= ] Q,
g Q.
] e
E
£ 3
g ]
[
3 -
o -
. -
o 3
T h T T T T T T T T
6 0 5 10 15 20 25 30 35
t (hours)
Dallas et al. (1994a) inh [Rat]
[ss]
2 3
w |
o E .
- ]
= ]
£ -
§ © 3
c ]
g ]
[
3 -
o] To e
T h T T T
35 0 10 20 30 40
t (hours)
8

EPA-HQ-2018-0008760048313



perc in brain (mg/L)

perc in brain (mg/L)

perc in muscle (mg/L)

10°

10"

107"

1072

10°

10°

10"

10

10°

10"

Dallas et al. (1994a) ia [Rat]

Rat baseline

©

Dallas et al. (1994a) inh [Rat]

t (hours)

Dallas et al. (1994a) inh [Rat]

T T T T
10 20 30 40

t (hours)

Dallas et al. (1994a) ia [Rat]

T T T
10 20 30

t (hours)

Dallas et al. (1994a) ia [Rat]

40

T T T T T T
10 15 20 25 30 35

t (hours)

Dallas et al. (1994a) inh [Rat]

t (hours)

o™
© o
-
—_
J =
> 24
c E
= ]
@ ]
S i
@ -
S
£ J
£
o4 —
@D 3]
o ]
T
o 3
= 7
o™
o
— 3
> -
=
—_ E
= 3]
=
S h
E -
= ]
>
[}
c —
S 3
> -
£ ]
Py i
2
) J
&
1
©
- 3
N
© 3
=
™)
=
— 3
o™
o o
=
—_ E
= 3]
=
S h
E -
= ]
>
[T
c o 4
S - 3
x 3
£ ]
Py i
2
) J
o
— -
T
© 3
=

T T T T
10 20 30 40

t (hours)

EPA-HQ-2018-0008760048314



percin fat (mg/L)

percin fat (mg/L)

TCA in blood (mgiL)

10°

10"

107"

1072

104

10°

102

10"

15 20

10

Rat baseline

Dallas et al. (1994a) ia [Rat]

Perc in blood (mg/L)

10

T T T T T T
20 30 40 50 60 70

t (hours)

Dallas et al. (1994a) inh [Rat]

Fraction of retained dose exhaled as perc

10

T T T T T T
20 30 40 50 60 70

t (hours)

Odum et al. (1998) [Rat]

Retained dose (mg)

10 20 30 40

t (hours)

10

o
o
—

10"

10

0.2 0.4 0.6 0.8 1.0

0.0

10°

10°

10"

10

Pegg et al. (1979) [Rat]

| | | }_

10 20 30 40
t (hours)

Pegg et al. (1979) [Rat]

70

75 80 85
t (hours)

Pegg et al. (1979) [Rat]

5.4

5.6 5.8 6.0 6.2 6.4 6.6

t (hours)

EPA-HQ-2018-0008760048315



Fraction of retained dose metabolized Chamber concentration (ppm)

Retained dose (mg)

10°

102

10"

107"

1072

0.8 1.0

0.6

0.2 0.4

0.0

10°

102

10"

107"

1072

Rat baseline
Gargas et al. (reported in Reitz et al., 1996) [Rat]

e .
e SO ABAAA
y %'-%@@@;coooeoooooococo
&Q Tee- - e e

’ T IURRKN 2k 3¢ 3¢
%‘Q‘L \s KRN 3¢
St

et 28 3 O T

Rate of perc exhalation (mg/hr)

0 1 2 3 4 5 6
t (hours)
Reitz et al. (1996) [Rat]

=)

£

2

5

i

<

O

}_

]

LYY X X X ¥ ¥ ¥ ¥ ¥ =

') kS

=]

£

S

[&]

| | | | | |
58 60 62 64 66 68
t (hours)
Reitz et al. (1996) [Rat]

(=)

£

£

5

i

<

O

}_

e ]

=

£

=]

£

S

[&]

| | | | | | |
54 56 58 6.0 6.2 6.4 6.6
t (hours)
11

10"

01 0.2 03 04 05

0.0

Reitz et al. (1996) [Rat]

b
-
e - -~ -
_& g ~——-
; e -
Q. . -
n -
S A Tk
Sso A
e
-

T T T
20 25 30

t (hours)

Volkel et al. (1998) - M [Rat]

b -+ +
e ot
o
e A
L A & A
ko -
AT o T To! o

0 20 40 60 80
t (hours)
Volkel et al. (1998) - M [Rat]
T T T T
70 75 80 85
t (hours)

EPA-HQ-2018-0008760048316



TCA in blood (mgiL)

10

Volkel et al. (1998) - M [Rat]

Rat baseline

0

t (hours)

12

EPA-HQ-2018-0008760048317



perc in venous blood (mg/L)

perc in brain (mg/L)

perc in arterial blood (mg/L)

40 60 80 100

20

100 150 200

50

10°

10"

Boyes et al. (2009) [Rat]

Rat calibration

Dallas et al. (1994a) inh [Rat]

10 20 30 40
t (hours)

Dallas et al. (1994c) ag gav [Rat]

10 15 20 25 30 35
t (hours)

Dallas et al. (1994a) ia [Rat]

N
- o
. - ]
=
E © -]
° -
- o -
Q -
o) -
E -
@ ]
- =
[
£ ~— =
© ]
5 ]
. = ]
v
. o 3
T T T T T h
2 3 4 5 6
t (hours)
Boyes et al. (2009) [Rat]
N
- o e
. J o 4
D < 3
E ]
o] p
o]
8 -
e
- E Al _E
@ E
= .
[ 4
£ -
e -
. g o3
) o]
. ————) >
T T T T T h
2 3 4 5 6
t (hours)
Dallas et al. (1994a) ia [Rat]
N
E 2
S
- ]
= ]
£ -
o)
ER
£ 3
o ]
[]
o -
o -
N
o] Io e
T T T T T T h
10 15 20 25 30 35
t (hours)
13

T T T T T T
10 15 20 25 30 35

t (hours)

EPA-HQ-2018-0008760048318



percin liver (mg/L)

percin liver (mg/L)

perc in brain (mg/L)

10°

10°

10"

10

10°

10"

10°

10"

Dallas et al. (1994a) inh [Rat]

Rat calibration

Dallas et al. (1994a) inh [Rat]

[ss]
(=]
—

10°

perc in brain (mg/L)
10’

10
ul

T T T T
10 20 30 40

t (hours)

Dallas et al. (1994c) ag gav [Rat]

T T T T
10 20 30 40

t (hours)

Dallas et al. (1994c) ag gav [Rat]

10°

10"

perc in brain (mg/L)
1

o
10
ul

10 15 20 25 30
t (hours)

Dallas et al. (1994a) ia [Rat]

35

T T T T T T
10 15 20 25 30 35

t (hours)

Dallas et al. (1994a) ia [Rat]

10°

10"
y 2l y 1l y a2 aannl

perc in muscle (mg/L)

10
ul

T T T T T
10 15 20 25 30

t (hours)

35

14

10 15 20 25 30 35

t (hours)

EPA-HQ-2018-0008760048319



perc in muscle (mg/L)

perc in muscle (mg/L)

perc in kidney (mg/L)

10°

10"

10

10°

10"

10°

10"

Dallas et al. (1994a) inh [Rat]

Rat calibration

Dallas et al. (1994a) inh [Rat]

T T T T
10 20 30 40

t (hours)

Dallas et al. (1994c) ag gav [Rat]

10 20 30 40
t (hours)

Dallas et al. (1994c) ag gav [Rat]

10 15 20 25 30
t (hours)

Dallas et al. (1994a) ia [Rat]

T T T T T T
10 15 20 25 30 35

t (hours)

Dallas et al. (1994a) ia [Rat]

T T T T T
10 15 20 25 30

t (hours)

©
o
~ 3
o
o o
= 3
— 3
= 3]
=
S ]
E -
= i
>
[T
c [= g
k=l - 3
&~ =
£ ]
o 4
=
@ 4
o
—
A
© 3
=
o~
O
~ 3
S
= 3
— 3
= 3]
=
S ]
E -
= i
>
[0]
c [—
k=l 3
&~ =
£ ]
o 4
=
@ 4
S
|
©
— 3
Dy
(2] o
=
T
35
o~
o
~ 3
S
~ 3
— ]
3 ]
= 4
()]
£ 4
-
—
T — o
— E
£ 3
(&) -
=
5 4
o -
T
©
— 3
Dy
© 3
=
T
35

10

T T T T T T
20 30 40 50 60 70

t (hours)

EPA-HQ-2018-0008760048320



percin fat (mg/L)

percin fat (mg/L)

TCA in blood (mgiL)

104

10°

102

10"

10°

10"

15 20

10

Dallas et al. (1994a) inh [Rat]

Rat calibration

10

T T T T T
20 30 40 50 60

t (hours)

Dallas et al. (1994c) ag gav [Rat]

70

10

T T T T T
20 30 40 50 60

t (hours)

Odum et al. (1998) [Rat]

70

T T T T
10 20 30 40

t (hours)

Amount exhaled as perc (mg)

Perc in blood (mg/L)

Fraction of retained dose exhaled as perc

16

10°

102

10"

107"

1072

10°

10"

10

0.6 0.8 1.0

0.4

0.2

0.0

Pegg et al. (1979) [Rat]

T T T T T T
68 70 72 74 76 78

t (hours)

Pegg et al. (1979) [Rat]

o T T T T
0 10 20 30 40
t (hours)
Pegg et al. (1979) [Rat]
i T T T T
70 75 80 85
t (hours)

EPA-HQ-2018-0008760048321




Chamber concentration (ppm) Retained dose (mg)

Fraction of retained dose metabolized

10°

10°

10"

10

10°

102
y vl

10"

107"

1072

0.2 0.4 0.6 0.8 1.0
wl

0.0

Rat calibration

Pegg et al. (1979) [Rat]

- )

E

[0

0

[o]

e

e

(3]

c

©

®

o x

T T T T T T T
5.4 56 58 6.0 6.2 6.4 6.6
t (hours)

Gargas et al. (reported in Reitz et al., 1996) [Rat]

AL %0.90.0%000000

Rate of perc exhalation (mg/hr)

t (hours)

Reitz et al. (1996) [Rat]

O
A4

Cumulative TCA in urine (mg)

58

60 62 64 66 68

t (hours)

17

10°

102
y vl

10"

107"

1072

10"

01 0.2 03 04 05

0.0

Reitz et al. (1996) [Rat]

T T T T T T T
54 56 5.8 6.0 6.2 6.4 6.6

t (hours)

Reitz et al. (1996) [Rat]

10 15 20 25 30
t (hours)

Volkel et al. (1998) - M [Rat]

0 20 40 60 80

t (hours)

EPA-HQ-2018-0008760048322



Cumulative DCA in urine (mg) Cumulative NAc- TCVC in urine (mg)

Cumulative TCA in urine (mg)

0.0010 0.0020 0.0030

0.0000

0.000 0.005 0.010 0015 0.020 0.025 0.030

Rat calibration
Volkel et al. (1998) - M [Rat]

Volkel et al. (1998) - M [Rat]

0.04 0.05 0.06
1 1 1

Cumulative NAc- TCVC in urine (mg)
0.03
]

20 40 60 80
t (hours)

Volkel et al. (1998) - M [Rat]

T T T T
20 40 60 80

t (hours)

Volkel et al. (1998) - M [Rat]

N
[ev
o
S
o)
o
Q -
T T T T e
20 40 60 80
t (hours)
Volkel et al. (1998) - M [Rat]
v
o
<
D o 7
E
[0]
£
5 @
e °
<
o
o)
o N ]
= o
B
>
(S
]
o = 4
o
(@)
S -
T T T T
20 40 60 80
t (hours)
Volkel et al. (1998) - M [Rat]
o
© -
o
>
E o -
°
o]
o
=]
£ &
<
O
}_
N -
o -
T T T T
20 40 60 80
t (hours)
18

t (hours)

EPA-HQ-2018-0008760048323



Perc in arterial blood (mg/L) Perc in liver (mg/L)

Perc in fat (mg/L)

104

10°

102

10"

10

10°

10"

107

1072

107°

104

10°

102

10"

107"

Rat calibration

Warren et al. (1996) [Rat] Warren et al. (1996) [Rat]
EE
2 ]
3
E L
@ = 3
g
2 ]
£ 8 -
o 3
& ]
TO q 7
T T T T A T T T
0.0 05 1.0 15 0.0 05 1.0 15
t (hours) t (hours)
Warren et al. (1996) [Rat]
| | | | |
0 20 40 60 80
t (hours)
Warren et al. (1996) [Rat]
| | | |
0.0 05 1.0 15
t (hours)
19

EPA-HQ-2018-0008760048324



perc in arterial blood (mg/L)

perc in exhaled air (mg/L)

perc in venous blood (mg/L)

10°

10"

107"

1072

10"

107"

1072

10"

107"

1072

107°

Rat validation

Dallas et al. (1994b) [Rat]

perc in venous blood (mg/L)

0 2 6 8 10
t (hours)
Dallas et al. (1994b) [Rat]
MAMA

Amount exhaled as perc (mg)

t (hours)

Dallas et al. (1995) ia [Rat]

Cumulative TCA in urine (mg)

15 20 25 30

t (hours)

20

©
©

1072 107"

107°

0.5 1.0 1.5 20 25

0.0

Dallas et al. (1995) po [Rat]

E | | | | | | |
10 20 30 40 50 60 70
t (hours)
Franz and Watanabe (1983) [Rat]
L | | |
75 80 85 90
t (hours)
Ikeda and Ohtsuji (1972) [Rat]

T T T T
44 46 48 50

t (hours)

52

EPA-HQ-2018-0008760048325



Cumulative TCA in urine (mg)

perc in venous blood (mg/L)

percin liver (mg/L)

10

10

10°

10"

10

10°

10"

107"

Ikeda et al. (1972) [Rat]

Rat validation

N
o
O o
> —
E
o
T
a8
£
o
@ —
o
v
o
T T T T T h
44 46 48 50 52
t (hours)
Savolainen et al. (1977) [Rat]
[ss]
o
o
g2
o S, Y - £ .
E o
s
g
[
o
o
=)
T T T T T T T T
95 96 97 98 99 100 101 102
t (hours)
Savolainen et al. (1977) [Rat]
. s ©
T T T T T T T T
95 96 97 98 99 100 101 102
t (hours)
21

Savolainen et al. (1977) [Rat]

95

96

T T T T T T
97 98 99 100 101 102

t (hours)

Savolainen et al. (1977) [Rat]

95

96

T T T T T T
97 98 99 100 101 102

t (hours)

EPA-HQ-2018-0008760048326



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

10

1072

107°

10

1072

107°

10

1072

107°

Human baseline

Chiu et al. (2007) A [Human]

107" 1 10" 107
t (hours)
Chiu et al. (2007) B [Human)]
™ LR | LR | LR |
107" 1 10" 107
t (hours)
Chiu et al. (2007) C [Human)]
™ LR | LR | LR |
107" 1 10" 107
t (hours)

perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

22

10

1072

107°

10

1072

107°

10

1072

107°

Chiu et al. (2007) D [Human]

107" 1 10" 107
t (hours)
Chiu et al. (2007) E [Human]
™ LR | LR | LR | !
107" 1 10" 107
t (hours)
Chiu et al. (2007) F [Human]
™ LR | LR | LR | !
107" 1 10" 107
t (hours)

EPA-HQ-2018-0008760048327



perc in venous blood (mg/l) perc in venous blood (mg/l)

perc in venous blood (mg/l)

1073

1074

1073

1074

1073

1074

Chiu et al. (2007) A [Human]

Human baseline

Chiu et al. (2007) D [Human]

T
° 7
s ]
£
~ o =3
3 7
8 ]
o ]
[2]
® ]
[o]
g ]
@
> o™
E o 3 \
g ] o
¥
© 3
Il L Illllll L L Illllll L -~ Il L Illllll L L Illllll L
1 10 107 1 10 107
t (hours) t (hours)
Chiu et al. (2007) B [Human)] Chiu et al. (2007) E [Human]
T
° 7
s ]
£
~ o =3
3 7
8 ]
o ]
[2]
® ]
[o]
g ]
@
> o™
E IO —:
g 3 a-a
¥
© 3
Il L Illllll L L Illllll L -~ Il L Illllll L L Illllll L
1 10 107 1 10 107
t (hours) t (hours)
Chiu et al. (2007) C [Human)] Chiu et al. (2007) F [Human]
T
° 7
s ]
£
~ o =3
3 7
8 ]
o ]
[2]
® ]
[o]
g ]
@
> o™
S o3
A-A g ] & AO
¥
S 3
Il L Illllll L L Illllll L -~ Il L Illllll L L Illllll L
1 10 107 1 10 107
t (hours) t (hours)
23

EPA-HQ-2018-0008760048328



TCA in blood (mg/l)

TCA in blood (mg/l)

TCA in blood (mg/l)

0.01 002 003 004 005 006

0.00

0.01 002 003 004 005 006

0.00

0.01 002 003 004 005 006

0.00

Chiu et al. (2007) A [Human]

Human baseline
Chiu et al. (2007) D [Human]

0.06
1

0.05
1

0.04
1

TCA in blood (mg/l)
0.03
]

0

0.02
1

0.01
1

0.00
1

t (hours)

Chiu et al. (2007) B [Human]

150 0 50 100 150
t (hours)

Chiu et al. (2007) E [Human]

TCA in blood (mg/l)
0.03 004 0.05 006
] ] ] ]

0.02
1

t (hours)

Chiu et al. (2007) C [Human]

S

o

g
T e T T T T
150 0 50 100 150

t (hours)
Chiu et al. (2007) F [Human]

S

o

S

o

TCA in blood (mg/l)
0.02 0.03 004
] ] ]

0.01
1

0.00
1

t (hours)

t (hours)

EPA-HQ-2018-0008760048329



Cumulative TCA collected in urine (mg) Cumulative TCA collected in urine (mg)

Cumulative TCA collected in urine (mg)

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

Chiu et al. (2007) B [Human]

Human baseline

0 50 100 150
t (hours)
Chiu et al. (2007) C [Human]
T T T T
0 50 100 150
t (hours)
Chiu et al. (2007) D [Human]
T T T T
0 50 100 150
t (hours)

Cumulative TCA collected in urine (mg) Cumulative TCA collected in urine (mg)

perc in alveloar air (ppm)

25

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

60

10

Chiu et al. (2007) E [Human]

L d
-
" /
A A
. A
,,,,,,,,,,,,,,, - 0
| I | |
| X 100 150
t(hOurs)
Chiu et al. (2007) F [Human]
| A . Y A
_ —’——
- e o & - e = -
| I | |
| X 100 150

t (hours)

Fernandez et al. (1976) EG [Human]

| | |
10.0 10.5 11.0

T T T T
8.0 85 9.0 9.5

t (hours)

EPA-HQ-2018-0008760048330



perc in alveloar air (ppm) Cumulative TCA in urine (mg)

perc in alveloar air (ppm)

15 20 25 30 35

10

10°

10"

10

10°

10"

107"

Fernandez et al. (1976) EG [Human]

Human baseline

Monster et al. (1979) C [Human]

t (hours)

Monster et al. (1979) D [Human]

t (hours)

Monster et al. (1979) E [Human)]

o™
o
3
g o4
E -
o J
[5]
> 4
©
£
o T3
) 3
o ]
T
IS
T T T T T T T T T
0 10 20 30 40 50 60 70 1
t (hours)
Monster et al. (1979) A [Human]
o™
o
3
& o4
E -
o J
[5]
> 4
©
£
o T3
) 3
o ]
T
IS
L} l L} L} L} L} LELELIL l L} L} L} L} LI B} l L} =~ L} l
1 10 102 1
t (hours)
Monster et al. (1979) B [Human]
o™
o
3
g o4
E -
o J
[5]
> 4
©
£
o T3
) 3
o ]
- i
T
e 7
L} l L} L} L} L} LELELIL l L} L} L} L} LI B} l L} =~ L} l
1 10 102 1
t (hours)
26

L L IIIIII L L L IIIIII L
10 107

t (hours)

EPA-HQ-2018-0008760048331



perc in venous blood (mg/l) perc in alveloar air (ppm)

perc in venous blood (mg/l)

10°

10"

10

10"

107"

1072

10°

107"

1072

Monster et al. (1979) F [Human]

Human baseline

Monster et al. (1979) C [Human]

t (hours)

Monster et al. (1979) D [Human]

t (hours)

Monster et al. (1979) E [Human)]

© 3
5
£ E
ke ]
o p
Be] ]
o)
" i
=
g v
g 273
> 3]
£ ]
© ]
®
g i
o
=i
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L} L} l
1 10 102 1
t (hours)
Monster et al. (1979) A [Human]
=
5
£ E
ke ]
o p
Be] ]
o)
" i
=
g v
g 273
> 3]
£ ]
© ]
. @
° = iy
o
=i
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L} L} l
1 10 102 1
t (hours)
Monster et al. (1979) B [Human]
A ° 3
5
£ E
ke ]
o p
Be] ]
o)
" i
=
g v
g 273
> 3]
£ ]
o ]
0 g 1
o
=i
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L} L} l
1 10 102 1
t (hours)
27

L L IIIIII L L L IIIIII L
10 107

t (hours)

EPA-HQ-2018-0008760048332



TCA in blood (mg/l) perc in venous blood (mg/l)

TCA in blood (mg/l)

10°

107"

1072

05 1.0 15 20

0.0

05 1.0 15 20

0.0

Monster et al. (1979) F [Human]

Human baseline

A
N
=)
£
=
]
8
ie)
£
<
O
}_
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L}
1 10" 10°
t (hours)
Monster et al. (1979) A [Human]
=)
£
=
]
8
ie)
A £
-y ] -y,
N
| | | | |
0 50 100 150 200
t (hours)
Monster et al. (1979) B [Human]
=)
£
=
]
8
ie)
. I
f{ ’ - - -
-
| | | | |
0 50 100 150 200
t (hours)
28

20

15

1.0

05

0.0

20

15

1.0

05

0.0

20

15

1.0

05

0.0

Monster et al. (1979) C [Human]

0 50 100 150 200

t (hours)

Monster et al. (1979) D [Human]

0 50 100 150 200

t (hours)

Monster et al. (1979) E [Human)]

0 50 100 150 200

t (hours)

EPA-HQ-2018-0008760048333



Cumulative TCA in urine (mg) TCA in blood (mg/l)

Cumulative TCA in urine (mg)

20

15

1.0

05

0.0

20

15

10

20

15

10

Monster et al. (1979) F [Human]

Human baseline

=
E
[0]
£
5
£
<
O
}_
]
=
- s
1 A -, O
T T T T
50 100 150 200
t (hours)
Monster et al. (1979) A [Human]
=
E
[0]
£
5
£
<
O
}_
]
=
kS
>
£
>
O
T T T T
20 40 60 80
t (hours)
Monster et al. (1979) B [Human]
=
al|l E
T 5
S £
- S
- [
AT g ° 2
X PR - . &
i - - - g
-1 - 3
Y - ©
T T T T
20 40 60 80
t (hours)
29

20

15

10

20

15

10

20

15

10

Monster et al. (1979) C [Human]

A

LA

A
Ao A o9
A e < - -
e -
e -
| | | | |
0 20 40 60 80
t (hours)

Monster et al. (1979) D [Human]

A

iy

0 20 40 60 80
t (hours)

Monster et al. (1979) E [Human)]

>

t (hours)

EPA-HQ-2018-0008760048334



TCA in plasma (mg/l) Cumulative TCA in urine (mg)

TCA in plasma (mg/l)

20

15

10

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

Human baseline

Monster et al. (1979) F [Human]

A
AT
L
a
-
) e o
* Vo o
R 3
e .- _
, . -
- -
-
- -
T | | |
20 40 T -
t (hours)
Volkel et al. (1998) Females 10 ppm [Human]
TN

t (hours)

Volkel et al. (1998) Males 10 ppm [Human]

/ -

4

| T T T I |
5 10 15 20 25 30

t (hours)

Cumulative TCA in urine (mg) Cumulative TCA in urine (mg)

Cumulative TCA in urine (mg)

30

Volkel et al. (1998) A (Female) [Human]

o "
J_‘L_; v, -

t (hours)

Volkel et al. (1998) B (Female) [Human]

t (hours)

Volkel et al. (1998) C (Female) [Human]

o
ol
A
A
At
= A
s
a7 e -
-

t (hours)

EPA-HQ-2018-0008760048335



Cumulative TCA in urine (mg) Cumulative TCA in urine (mg)

Cumulative TCA in urine (mg)

Human baseline
Volkel et al. (1998) D (Male) [Human]

t (hours)

Volkel et al. (1998) E (Male) [Human]

A
/_:,_,,
ot
e
P
+
& JREEY.S-
x A& e ®
- + LA a - -
: a7 -
. e
e o - e = -
T T T T T
0 20 40 60 80
t (hours)

Volkel et al. (1998) F (Male) [Human]

t (hours)

31

EPA-HQ-2018-0008760048336



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

10

1072

107°

10

1072

107°

10

1072

107°

Chiu et al. (2007) A [Human]

Human calibration

107" 1 10" 107
t (hours)
Chiu et al. (2007) B [Human)]
™ LR | LR | LR | !
107" 1 10" 107
t (hours)
Chiu et al. (2007) C [Human)]
T T T T T ——rrr—
107" 1 10" 107
t (hours)

perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

32

10

1072

107°

10

1072

107°

10

1072

107°

Chiu et al. (2007) D [Human]

107" 1

10"

L} LI I B ) III L}
107
t (hours)

Chiu et al. (2007) E [Human]

107" 1

10"

L} LI I B ) III L}
107
t (hours)

Chiu et al. (2007) F [Human]

107" 1

10"

10?

t (hours)

EPA-HQ-2018-0008760048337



perc in venous blood (mg/l) perc in venous blood (mg/l)

perc in venous blood (mg/l)

1073

1074

1073

1074

1073

1074

Human calibration
Chiu et al. (2007) A [Human]

Chiu et al. (2007) D [Human]

° 7
s ]
£
~ o =3
3 7
8 ]
o ]
[2]
® ]
[o]
g ]
@
> o™
E IO —:
) ]
g ]
¥
© 3
Il L Illllll L L Illllll L -~ Il L Illllll L L Illllll L
1 10 107 1 10 107
t (hours) t (hours)
Chiu et al. (2007) B [Human)] Chiu et al. (2007) E [Human]
T
° 7
s ]
£
~ o =3
3 7
8 ]
o ]
[2]
® ]
[o]
g ]
@
> o™
E IO —:
g 3 a-a
¥
© 3
Il L Illllll L L Illllll L -~ Il L Illllll L L Illllll L
1 10 107 1 10 107
t (hours) t (hours)
Chiu et al. (2007) C [Human)] Chiu et al. (2007) F [Human]
T
° 7
s ]
£
~ o =3
3 7
8 ]
o ]
[2]
® ]
[o]
g ]
@
> o™
) ]
g ]
¥
S 3
Il L Illllll L L Illllll L -~ Il L Illllll L L Illllll L
1 10 107 1 10 107
t (hours) t (hours)
33

EPA-HQ-2018-0008760048338



TCA in blood (mg/l)

TCA in blood (mg/l)

TCA in blood (mg/l)

0.01 002 003 004 005 006

0.00

0.01 002 003 004 005 006

0.00

0.01 002 003 004 005 006

0.00

Chiu et al. (2007) A [Human]

Human calibration

TCA in blood (mg/l)

Chiu et al. (2007) B [Human]

t (hours)

TCA in blood (mg/l)

Chiu et al. (2007) C [Human]

t (hours)

150

TCA in blood (mg/l)

t (hours)

100

150

34

0.01 002 003 004 005 006

0.00

0.01 002 003 004 005 006

0.00

0.01 002 003 004 005 006

0.00

Chiu et al. (2007) D [Human]

0 50 100 150
t (hours)

Chiu et al. (2007) E [Human]

0 50 100 150
t (hours)

Chiu et al. (2007) F [Human]

0 50 100 150

t (hours)

EPA-HQ-2018-0008760048339



Cumulative TCA collected in urine (mg) Cumulative TCA collected in urine (mg)

Cumulative TCA collected in urine (mg)

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

Chiu et al. (2007) B [Human]

Human calibration

0 50 100 150
t (hours)
Chiu et al. (2007) C [Human]
T T T T
0 50 100 150
t (hours)
Chiu et al. (2007) D [Human]
T T T T
0 50 100 150
t (hours)

Cumulative TCA collected in urine (mg) Cumulative TCA collected in urine (mg)

perc in alveloar air (ppm)

35

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

10

Chiu et al. (2007) E [Human]

0 50 100 150
t (hours)

Chiu et al. (2007) F [Human]

100 150
t (hours)

Fernandez et al. (1976) EG [Human]

T T T T T T T
8.0 85 9.0 9.5 10.0 10.5 11.0

t (hours)

EPA-HQ-2018-0008760048340



perc in alveloar air (ppm) Cumulative TCA in urine (mg)

perc in alveloar air (ppm)

15 20 25 30 35

10

10°

10"

10

10°

10"

10

Human calibration
Fernandez et al. (1976) EG [Human]

Monster et al. (1979) C [Human]

t (hours)

Monster et al. (1979) D [Human]

t (hours)

Monster et al. (1979) E [Human)]

o™
o
3
& o
E -
o J
[5]
> 4
©
£
o T3
) 3
o ]
T
© 7
T T T T T T T T T
0 10 20 30 40 50 60 70 1
t (hours)
Monster et al. (1979) A [Human]
o™
O o
3
g o
E -
o J
[5]
> 4
©
£
o T3
) 3
o ]
T
© 7
L} l L} L} L} L} LELELIL l L} L} L} L} LI B} l L} =~ L} l
1 10 102 1
t (hours)
Monster et al. (1979) B [Human]
o™
O o
A A
3
& o
E -
o J
[5]
> 4
©
£
o T3
) 3
o ]
T
© 7
L} l L} L} L} L} LELELIL l L} L} L} L} LI B} l L} =~ L} l
1 10 102 1
t (hours)
36

t (hours)

EPA-HQ-2018-0008760048341



perc in venous blood (mg/l) perc in alveloar air (ppm)

perc in venous blood (mg/l)

10°

10"

10

10"

107"

1072

10°

107"

1072

Monster et al. (1979) F [Human]

Human calibration

Monster et al. (1979) C [Human]

t (hours)

Monster et al. (1979) D [Human]

t (hours)

Monster et al. (1979) E [Human]

A

© 3
A 3
5
£ E
Ee] ]
o p
Be] ]
o)
" i
=
g v
g 273
> 3]
£ ]
© ]
®
g i
o
=i
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L} L} l
1 10 102 1
t (hours)
Monster et al. (1979) A [Human]
=
5
£ E
Ee] ]
o p
Be] ]
o)
" i
=
g v
g 273
> 3]
£ ]
© ]
®
g i
o
=i
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L} L} l
1 10 102 1
t (hours)
Monster et al. (1979) B [Human]
A ° 3
5
£ E
Ee] ]
o p
Be] ]
o)
" i
=
g v
g 273
> 3]
£ ]
© ]
®
g i
o
=i
L} l L} L} L} LELELIL l L} L} L} L} LI B} l L} L} l
1 10 102 1
t (hours)
37

t (hours)

EPA-HQ-2018-0008760048342



TCA in blood (mg/l) perc in venous blood (mg/l)

TCA in blood (mg/l)

10°

107"

1072

05 1.0 15 20

0.0

05 1.0 15 20

0.0

Monster et al. (1979) F [Human]

Human calibration

TCA in blood (mg/l)

Monster et al. (1979) A [Human]

t (hours)

TCA in blood (mg/l)

Monster et al. (1979) B [Human]

100

t (hours)

150

200

TCA in blood (mg/l)

|
100

t (hours)

150

200

38

20

15

1.0

05

0.0

20

15

1.0

05

0.0

20

15

1.0

05

0.0

Monster et al. (1979) C [Human]

| | | |
50 100 150 200

t (hours)

Monster et al. (1979) D [Human]

50 100 150 200
t (hours)

Monster et al. (1979) E [Human)]

| | | |
50 100 150 200

t (hours)

EPA-HQ-2018-0008760048343



Cumulative TCA in urine (mg) TCA in blood (mg/l)

Cumulative TCA in urine (mg)

20

15

1.0

05

0.0

20

15

10

20

15

10

Human calibration
Monster et al. (1979) F [Human]

Monster et al. (1979) C [Human]

20 40 60 80
t (hours)

Monster et al. (1979) D [Human]

20 40 60 80
t (hours)

Monster et al. (1979) E [Human)]

QL
N
o
£
5
£
< o _]
(@] —
}_
]
2
8
>
E w1
[&]

O -
| | | | | |
0 50 100 150 200 0

t (hours)
Monster et al. (1979) A [Human]
QL
N
2 e-
o
£
5
£
< o _]
(@] —
}_
]
2
8
>
E w1
[&]

O -
| | | | | |
0 20 40 60 80 0

t (hours)
Monster et al. (1979) B [Human]
QL
N
B 5
A & -
& 2
5
£
< o _]
(@] —
}_
]
2
8
>
E w1
[&]

o -
| | | | | |
0 20 40 60 80 0

t (hours)
39

20 40 60 80

t (hours)

EPA-HQ-2018-0008760048344



TCA in plasma (mg/l) Cumulative TCA in urine (mg)

TCA in plasma (mg/l)

20

15

10

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

Human calibration
Monster et al. (1979) F [Human]

Volkel et al. (1998) A (Female) [Human]

Cumulative TCA in urine (mg)
3

t (hours)

Volkel et al. (1998) B (Female) [Human]

o -
| | | | | |
0 20 40 60 80 0

t (hours)
Volkel et al. (1998) Females 10 ppm [Human]
w0 -
0 -

Cumulative TCA in urine (mg)
3
]

t (hours)

Volkel et al. (1998) C (Female) [Human]

o -
| | | | | | | |
0 5 10 15 20 25 30 0

t (hours)
Volkel et al. (1998) Males 10 ppm [Human]
w0 -
0 -

Cumulative TCA in urine (mg)
3
]

t (hours)

40

t (hours)

EPA-HQ-2018-0008760048345



Cumulative TCA in urine (mg) Cumulative TCA in urine (mg)

Cumulative TCA in urine (mg)

Human calibration
Volkel et al. (1998) D (Male) [Human]

Volkel et al. (1998) A (Female) [Human]

t (hours)

Volkel et al. (1998) B (Female) [Human]

t (hours)

Volkel et al. (1998) C (Female) [Human]

o
o
=)
£ 8 ]
s O
£
s
£ 8
S o
(@]
}_
g 3
zZ o
]
=
8
> N
E < 4
> o
[&]
o
Q p
| | | | e |
20 40 60 80 0
t (hours)
Volkel et al. (1998) E (Male) [Human]
o
o
++
g ()]
’ £ 8 ]
s O
£
s
£ ©
o 4
g s
(@]
}_
g 3
zZ o
]
=
8
> N
E < 4
> o
[&]
o
Q p
| | | | e |
20 40 60 80 0
t (hours)
Volkel et al. (1998) F (Male) [Human]
o
o
=)
£ 8 ]
s O
£
s
£ ©
o 4
g s
(@]
}_
g 3
zZ o
]
=
8
> N
E < 4
> o
[&]
o
Q p
| | | | e |
20 40 60 80 0

t (hours)

41

t (hours)

EPA-HQ-2018-0008760048346



Cumulative NAc- TCVC in urine (mg) Cumulative NAc- TCVC in urine (mg)

Cumulative NAc- TCVC in urine (mg)

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

0.02 0.04 0.06 0.08 0.10

0.00

Human calibration
Volkel et al. (1998) D (Male) [Human]

Volkel et al. (1998) A (Female) [Human]

-2

Cumulative DCA in urine (mg)
1073 10

-4

10
pul

5 10 15 20 25 30 35 0

t (hours)

Volkel et al. (1998) E (Male) [Human]

20 40 60 80
t (hours)

Volkel et al. (1998) B (Female) [Human]

Cumulative DCA in urine (mg)
-3 1072

10

10
pul

5 10 15 20 25 30 35 0

t (hours)

Volkel et al. (1998) F (Male) [Human]

20 40 60 80
t (hours)

Volkel et al. (1998) C (Female) [Human]

107

1073

Cumulative DCA in urine (mg)
1072

1074
wl

t (hours)

42

20 40 60 80

t (hours)

EPA-HQ-2018-0008760048347



Cumulative DCA in urine (mg) Cumulative DCA in urine (mg)

Cumulative DCA in urine (mg)

10

1072

1073

1074

10

1072

1073

107

1072

1073

1074

Human calibration
Volkel et al. (1998) D (Male) [Human]

20 40 60 80
t (hours)

Volkel et al. (1998) E (Male) [Human]

20 40 60 80
t (hours)

Volkel et al. (1998) F (Male) [Human]

20 40 60 80

t (hours)

43

EPA-HQ-2018-0008760048348



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

107"

-2

10

10

107"

-2

10

10

107"

-2

10

107°

Chien (1997) p0310 [Human]

Human validation

€
g
%
g
2
©
©
g
T T T T T
4 6 8 10 12
t (hours)
Chien (1997) p0301 [Human]
€
g
%
g
2
©
©
g
T T T T T
4 6 8 10 12
t (hours)
Chien (1997) p1220 [Human]
€
g
%
g
2
©
©
g
T T T T T
4 6 8 10 12
t (hours)
44

107"

-2

10

10

107"

-2

10

10

107"

-2

10

107°

Chien (1997) p1229 [Human]

t (hours)

Chien (1997) p0118 [Human]

0
T T T T T
4 6 8 10 12
t (hours)
Chien (1997) p0208 [Human]
T T T T T
4 6 8 10 12

t (hours)

EPA-HQ-2018-0008760048349




perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

107"

107"

-2

10

10

107"

-2

10

107°

Chien (1997) p0830 [Human]

Human validation
Chien (1997) p1214 [Human]

T ]
g i
5 oo
g 7
2 ]
m -
o g
2 23
o, o o T
IO _:
T T T T T = T T T T T T T
4 6 8 10 12 0 2 4 6 8 10 12
t (hours) t (hours)
Chien (1997) p1202 [Human] Chien (1997) p0124 [Human]
T ]
g i
Y
g 7
2 ]
m -
o g
2 23
7, 4
T T T T T = T T T T T T T
4 6 8 10 12 0 2 4 6 8 10 12
t (hours) t (hours)
Chien (1997) p1208 [Human] Chien (1997) p1103 [Human]
T ]
g i
5 oo
g 7
2 ]
m -
o g
g o3
7, 4
T T T T T = T T T T T T T
4 6 8 10 12 0 2 4 6 8 10 12
t (hours) t (hours)
45

EPA-HQ-2018-0008760048350



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

107"

107"

-2

10

10

107"

-2

10

107°

Chien (1997) p1110 [Human]

Human validation

Chien (1997) p0106 [Human]

t (hours)

Chien (1997) p1122 [Human]

t (hours)

Chien (1997) p1129 [Human]

t (hours)

£ ]
o
\% -
5 oo
g - 7
o ]
[5] -
= i
©
£ ]
o o
¢ o
o <= 3
¢
o 3
T = T T T T T T T
12 0 2 4 6 8 10 12
t (hours)
Chien (1997) p0131 [Human]
£ ]
o
\% -
5 oo
g - 7
o ]
[5] -
= i
©
£ ]
o o
¢ o
o — 3
¢
o 3
T = T T T T T T T
12 0 2 4 6 8 10 12
t (hours)
Chien (1997) p0216 [Human]
£ ]
o
\% -
5 oo
g - 7
o ]
[5] -
= i
©
£ ]
e 9
[5] o -3
o — 3
¢
o 3
T = T T T T T T T
12 0 2 4 6 8 10 12
t (hours)
46

EPA-HQ-2018-0008760048351



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

107"

-2

10

10

107"

107"

-2

10

107°

Chien (1997) p0322 [Human]

Human validation

Chien (1997) p0329 [Human]

t (hours)

Chien (1997) p1020 [Human]

t (hours)

Chien (1997) p12195,01046,02146 [Human]

t (hours)

Chien (1997) p1117 [Human]

2 4 6 8 10 12
t (hours)

Chien (1997) p01166 [Human]

t (hours)

—
—_ ]
e ]
o
o ]
e
P
1
© o
g - 7
o 3
) ]
= ]
T
£ ]
o o~
_ 1
¢ o
o — 3
P
o
T =
12 0
—
—_ ]
e ]
o
o -
e
P
1
© o
g - 7
o ]
) ]
= ]
T
£ ]
o o~
_ 1
¢ o
o — 3
P
o
T =
12 0
—
—_ ]
e ]
o
o -
e
P
1
© o
g - 7
o ]
) ]
= ]
T
£ ]
o o~
_ 1
¢ o
& < 3
“© .
I
o
T =
12 0

t (hours)

EPA-HQ-2018-0008760048352



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

107"

-2

10

10

107"

-2

10

10

107"

-2

10

107°

Human validation

Chien (1997) p02276 [Human]

0 2 4 6 8
t (hours)

Chien (1997) p01106 [Human]

0 2 4 6 8 10 12
t (hours)
Chien (1997) p03196 [Human]
~
T T T T T T T
0 2 4 6 8 10 12
t (hours)

perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

48

107"

107"

107"

-2

10

107°

Chien (1997) p03276 [Human]

0 2 4 6 8 10 12
t (hours)
Chien (1997) p04186 [Human]
T T T T T T T
0 2 4 6 8 10 12
t (hours)

Chien (1997) p05296 [Human]

T T T T T T T
0 2 4 6 8 12

t (hours)

EPA-HQ-2018-0008760048353




perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

107"

-2

10

10

107"

-2

10

10
Ll

10°

10"

Chien (1997) p06206 [Human]

Human validation

2 4 6 8 10 12
t (hours)
Chien (1997) p07036 [Human]
Q...
-0
T T T T T T
2 4 6 8 10 12
t (hours)

Fernandez et al. (1976) [Human]

t (hours)

Fernandez et al. (1976) [Human]

o
o
—

perc in alveloar air (ppm)
10’

T T T T T
2 3 4 5 6

t (hours)

Fernandez et al. (1976) [Human]

N
e
3
o
L 4
5
S o4 OG-0 —
[ - 1]
= ]
[ -
g ] -0
) ©
g -
o
A | | | | |
4 5 6 7 8
t (hours)
Fernandez et al. (1976) [Human]
N
e
3
o
£ -
5
8 -
S o
[ - 1]
= ]
[ -
£ i
o
g -
o
A | | | | | | |
0 2 4 6 8 10 12
t (hours)
49

EPA-HQ-2018-0008760048354



perc in alveloar air (ppm) perc in alveloar air (ppm)

perc in alveloar air (ppm)

10°

10"

10°

10"

10°

10"

Fernandez et al. (1976) [Human]

Human validation

Fernandez et al. (1976) [Human]

o
o
—

perc in alveloar air (ppm)
10’

1.0

T T T T T
15 2.0 25 3.0 3.5

t (hours)

Fernandez et al. (1976) [Human]

] o
| A | | | | |
4.0 2 3 4 5 6
t (hours)
Fernandez et al. (1976) [Human]
NO

perc in alveloar air (ppm)
10’

g .
o0 .
| | | | | A | | | | |
4 5 6 7 8 4 5 6 7 8
t (hours) t (hours)
Fernandez et al. (1976) [Human] Fernandez et al. (1976) [Human]
N
e
E -
(o3 % ] = Qe
e 0
° —0 s _ o
S o4
[ - 1]
= ]
m -
£ ]
o
o ]
o
| | | | | A | | | | |
6 7 8 9 10 8 9 10 11 12
t (hours) t (hours)
50

EPA-HQ-2018-0008760048355



perc in venous blood (mg/l) perc in alveloar air (ppm)

perc in alveloar air (ppm)

10°

10"

10

10°

10"

10

Human validation
Hake and Stewart (1977) [Human]

Stewart et al. (1961) 101 ppm [Human]

t (hours)

Stewart et al. (1970) [Human)]

T T T T T T
20 40 60 80 100 120

t (hours)

Stewart et al. (1970) [Human)]

N
O o
3
g8 o
= ]
o i
[]
> 4
©
£
e T
) 3]
Q h
v
IS
T T T T T T T M
0.0 0.5 1.0 1.5 20 25 3.0 1
t (hours)
Stewart et al. (1961) 194 ppm [Human]
N
O o
3
g o
= ]
o i
[]
> 4
©
£
e T
) 3]
Q h
v
IS
T T T T T T T h
0.0 0.5 1.0 1.5 20 25 3.0 0
t (hours)
Stewart et al. (1961) 194 ppm [Human]
N
© o
3
g8 o
= ]
o i
[]
> 4
©
£
e T
) 3]
Q h
v
IS
L} l L} L} L} L} LEELELIL l L} L} L} L} LEELELIL l =~
1 10" 10? 100
t (hours)
51

| | | | | | |
150 200 250 300 350 400 450

t (hours)

EPA-HQ-2018-0008760048356



perc in alveloar air (ppm)

10°

10"

10

Stewart et al. (1970) [Human)]

Human validation

50

| | | |
100 150 200 250

t (hours)

300

52

EPA-HQ-2018-0008760048357



